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1. INTRODUCTION 
1 .. 1 Object and Scope 
The main objective of the investigation described in this 
report was to provide a fundamental understanding of the bond 
characteristics of prestressing strand as affected by various 
critical variables. 
The scope of the investigation'may be divided into four 
parts: 
(1) The experimental study 'included 486 tests of simple 
pull-out specimens with short embedment le~gths. The tests provided 
the necessary information on the relationship between bond force and 
sl ip. The major variables investigated were: size of strand, strength, 
consistency, curing conditions, age, and settlement conditions of 
concrete, lateral confining pressure, and'time effects. 
Some tests with plain wire and twisted square bars were made 
to study the influence of steel surface and torsional stiffness on bond 
of strand. 
(2) The object of the theoretical investigation was to 
develop a hypothesis on the nature of bond for plain wire and strand. 
A simple conceptual model was designed to explain the fundamental 
bond characteristics of strand. 
(3) An important object of the investigation was to study 
the question of the direct appl icabil ity of results from pull-out tests 
to the design of prestressed members. A 3imple analytical procedure is 
discussed to project the results of the short-length pull-out tests to 
practical problems such as calculating, for instance, the anchorage 
length of strand in a prestressed, beam for a given prestress. 
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The results from the analytical method are compared with data 
from tests on five pretensioned prestressed beams and several pull-out 
tests with large embedment lengths. 
(4) Practical recommendations related to the bond strength 
of prestressing strand are given for design purposes. 
1.2 Strand as Prestressing Reinforcement 
Seven-wire strand is manufactured by !!stranding!1 hard-drawn 
or non-stress-relieved wire a The head' of the stranding machine pre-
forms the six exterior wires permanently a~d lays them around a straight 
center wire. This preforming process makes it possible to unravel 
strand qnd put it back together without difficulty. 
After stranding, the strand is stress-relieved in a carefully 
controlled time-temperature operation. This is mostly achieved by an 
electrical induction process at temperatures on the order of 650°F. 
Prestressing strand differs from ordinary seven-wire strand 
in that the center wire has a ~l ightly larger diameter than the exterior 
wires. This is to ensure that the straight center wire does not 51 ip, 
when under stress, with respect to the exterior wires. The center wire 
is held in place only by friction with 
to straighten themselves when stretched and thus subject the center 
wire to lateral forces. It was found by the manufacturers that an 
increase of the diameter of the center wire by four percent with 
respect to that of the exterior wires is enough to prevent sl ipping. 
The larger size of the center wire leads to spaces between the exterior 
wires and enables concrete matrix to fill the spaces between the 
individual wires (Fig. 1.1). 
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The pitch of seven-wire strand is usually between 12 to 16 
times the nominal diameter. The modulus of elasticity is approximately 
28 x 106 psi. 
Seven-wire strand is available in two grades: (a) ASTM 
Grade (A416) with a minimum tensile strength of 250 ksi and (b) Grade 
270 K with a minimum tensile strength of 270 ksi. 
At the beginning of the development of prestressing strand, 
use was 1 imited to strands of small diBmeters (1/4 in., 3/8 in.). 
Following the trend to transfer more prestressing force to the concrete 
by means of less tendons for practical reasons, larger strand sizes 
have been developed (7/16, 1/2, 6/10 in.). 
Recently, some exploratory tests with deformed (dimpled) 
seven-wire strand were reported (Hanson, N. W., 1969)~ The test 
results indicated improved bond properties compared with those of 
conventional seven-wire strand. 
1.3 Previous Investigations of Bond Characteristics of Prestressing 
Strand 
The following section presents a brief description of 
investigations related to bond of strand which were conducted at 
various laboratories. Most of the studies were performed by measur-
ing, in one way or another, the anchorage length or the flexural bond 
strength in prestressed beams. 
~ 
AReferences are arranged in alphabetical order in the List of 
References. The numbers in parentheses refer to the year of 
pubT ication. 
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(1) Debly (1956) conducted a series of four prestressed-
beam tests reinforced with two 7/16-in. strands to provide information 
on the bond characteristics of prestressing strand. For an effective 
prestress after release ranging from 148 to 167 ksi, the anchorage_ 
length was found to vary from 24 to 32 in; The higher values were 
obtained for a larger concrete cover under the strand. The anchorage 
length was determined by measuring the concrete strain at the level of 
the reinforcement. 
(2) Base (1958) reported an extensive investigation of the 
variation of the anchorage lengths developed by various prestressing 
steels in practice. The anchorage length was determined by measuring 
the concrete strain along the reinforcement. Measurements were taken 
on beams produced in prestressing plants throughout England. The 
investigation included plain wire, indented wire, crimped wire, and 
5/16-in. strand. The anchorage length of 5/16-in. strand was found 
to vary from 9 to 19 in. The prestressing force was not reported. 
The effect of time on the anchorage length of 0.2-in. wire 
was studied in laboratory tests. 
(3) Ratz, Holmjanski, and Kolner (1958) conducted tests on 
approximately 200 concentrically prestressed concrete prisms to study 
the effect of the concrete strength on the anchorage length of various 
deformed wires and 7xl.6-mm strand (0.19-in. strand). Bond was found 
to be a direct function of the concrete strength for any type of wire 
and strand. On the basis of a direct relation between tension in the 
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steel and displace~nt within the ~nchorage zone, a formula ~as developed 
to compute the sl ip of the steel at any point within the anchorage 
zone. 
In most of the tests, only the end slip of the wire or strand 
was measured e The anchorage length was determined analytically on 
the basis of the end sl ~p. The results indicated that the anchorage 
length'of the strand prestressed to approximately 170 ksi varied from 
5 to 19 in. with the concrete strength varying from 6000 to 2400 psi. 
(4) Dinsmore, Deutsch, and Montemayor (1958) performed 42 
prestressed pull-out tests and four prestressed-beam tests to study the 
anchorage lengths required to transfer the prestressing force and to 
develop the strength of clean 7/16-in. strand. The test results were 
found to vary over a wide range. The anchorage length necessary to 
transfer the prestress (effective prestress after release = 138~166 
ksi) ranged from 9 to 36 in. The variation of the results was attributed 
partly to the degiee of vibratJon of the concrete; 
An anchorage length of four ft (110 diameters) was found 
sufficient to develop the'strength of the strand. 
(5) RUsch and Rehm (1963) carried out an extensive 
investigation on concentrically prestressed concrete beams to deter-
mine the anchorage length of 16 different types of prestressing steel. 
Three beams were reinforced with 7x3-mm strand (0035-ino strand). 
The anchorage length was based on strain measurements on the concrete 
along the reinforcement. 
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It was found that, in general, an increase of the concrete 
strength led to a decrease of the anchorage length. The anchorage 
length of the strand for a prestress of 128 ksi after transfer of the 
prestressing force varied from 26 in. to 34 in., depending on the 
concrete strength and the type of stress release. 
The type of release of the prestressing force was found to 
cause a significant difference in the anchorage length. The effect 
of time on the anchorage length was st~died over a period of six 
months" 
(6) Kaar, LaFraugh, and Mass (1963) investigated the 
influence of the concrete strength on the anchorage length of seven-
wire strand by testing 36 rectangular concrete prisms .• The tests 
--in c-l- tlded-·l /-4,-3/8-,·-1 /2,-a-n a---t,/-l-O -iReS tr-a n d. ·-The---aR c h 0 r-age- ··le n gth 
was determined from concrete strain measurements~ 
The test results indicated that the concrete strength, varying 
from 1660 to 5500 psi, had only. 1 ittle influence on the anchorage length 
of strands up to 1/2-ine diameter. 
The increase of the anchorage length with time observed for 
~period of one year was found to be, in general, less than 10 percent. 
(7) Preston (1963) reported a comparative investigation of the 
anchorage length of clean 1/2-in. strand with tensile strengths of 250 
and 270 ksi. In addition, 1/2-in. strand with a rusted surface was 
included in the investigation. 
The results indicated that the bond characteristics were 
approximately identical for the two types of strand. The corrosion of 
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the steel surface was found to lead to a 25-percent reducti6n fn the 
anchorage length. 
(8) Hanson and Hulsbos (1965) studied the load capacity of 
pretensioned prestressed concrete I-beams with web reinforcement. In 
the course of this investigation, including 18 beams, the anchorage 
length of 7/16-in. strand prestressed to approxfmately 155 ksi, was 
found to be approximately 18 in. 
(9) OVer and Au (1965) inve?tigated the influence of the 
strand size on the anchorage length with the aid of six square concrete 
prisms prestressed concentrically with 1/4, 3/8, and l/2-ln. strand. 
It was observed that the anchorage length increased with'the strand 
diameter • 
................ __ ............ (lO)-.Hanson .. (1969_}_.st.udLed the,LntLu.~rLG.e .. oJsurf .::I~e_ 
roughness on anchorage bond and flexural bond strength in 12 pre-
stressed beams using 7/16-in. and'l/2-in. strand. The surface 
conditions tested were: clean,llas received", partially rusty, 
and rusty_ Specially deformed (dimpled) strand was included in 
the investigation. 
Hanson found that a 30-percent improverrent in the anchorage 
length can be obtained with rusted strand. The deformed strand showed 
a similar improvement over the clean lias received" strand .. Similarly, 
the flexural bond strength of the beams containing rusted or deformed 
strand was higher than that for clean strand. 
Test data and numerical results from the above investigations 
concerning the anchorage length of clean seven-wire strand are summarized 
in Table F.4 .. 
2g OUTLINE OF EXPERIMENTAL INVESTIGATION 
The experimental program included 4B6 simple pull-out tests 
and five prestressed-beam tests. The specimens were reinforced with 
seven-wire, round-wire strand (nominal diameter: 1/4, 31B, 7/16, and 
1/2 in .. ), plain wire (diameter: 0.OB4, 0 .. 130,0 .. 147, and 0 .. 171 in .. ), 
and twisted square bars (width: 5/16 in.). 
The pull-out specimens consisted of 4 by 4 by 9-in. concrete 
prisms with the steel embedded in the ~enter of the specimen parallel to 
the longer side. In 433 specimens, the bonded length was only one in. 
In the remaining specimens, the bonded length was varied from 0.5 to 
20 in.. Our i ng the test, the bond force and the s 1 i p' were measured 
until, at a sl ip of 0.15 in., the test was discontinued .. The pull-
out tests were performed in series containing 4 to 17 specimens cast 
from the same batch of concrete. The properties of each test series 
are 1 isted in Table B.l through B.4. The range of the variables 
investigated is given below: 
Seven-wire strand: 
'Effect of bonded length: 
Var i at ion: 0.5 to 2.0 in. 
1/4-in. strand 12 tests 
3IB-in. strand 12 tests 
7/16-in. strand 12 tests, 
1/2-in. strand 12 tests 
Variation: 1.0 to 20.0 in. 
7/16-in. strand 22 tests 
B 
9 
Effect of test setup: 
Variation: rotational restraint of strand vs. concrete 
7/16-in. strand 
Effect of strand diameter and concrete strength: 
Variation: strand diameter: 1/4 to 1/2 in. 
concrete strength: 2300 to 7600 psi 
9 tests 
1/4-in. strand 36 tests 
3IB-in. strand 36 tests 
7/16-in .. strand 36 tests 
l/2-in. strand 36 tests 
Effect of curing conditions: 
Variation: moist to dry, two concrete strengths 
7/16 - in. strand 
Effect of concrete consistency:' 
Variation: 0.2 to 7.5-in. ~lump 
7/16- in .. strand 
Effect of depth of concrete below strand: 
Variation: 2 to 30 in. 
7/16-in. strand 
Effect of lateral pressure: 
Variation: 0 to 2500 psi, two concrete strengths 
7/16-in .. strand 
Effect of time: 
Variation: age of concrete at test: 1 to 64 weeks 
7/l6-in. strand 
1B tests 
25 tests 
30 tests 
35 tests 
17 tests 
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Variation: duration of sustained load: 1 to 64 weeks 
7/16-in. strand 
Plain wire: 
Effect of wire diameter and concrete strength: 
Va ria t ion: d i ame t e r : 0.084 toO. 1 71 in 0 
concrete strength: 2200 to 8300 psi 
d = 0.084 in. 
d 0.130 in. 
d 0 .. 147 in. 
d·= 0 .. 171 in. 
Effect of curing conditions: 
Variation: moist to dry 
d = 0.147 in. 
Effect of lateral pressure: 
Variation: 0 to 2000 psi, two concrete strengths 
20 tests 
9 tests 
9 tests 
9 tests 
9 tests 
6 tests 
d = 0 .. 147 in. 26 tests 
Square Bars: 
Effect of twist angle: 
Variation: 0 to 46 degrees, two test setups 
d = 5/16 in .. 17 tests 
The five pretensioned prestressed beams were 9 ft long and 
had a cross section of 6 by 12 in. They were reinforced with two 
7/16-in. strands. The concrete strength was approximately 5600 psi. 
The prestress immediately before release was on the average 167 ksi. 
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The only variable included was the depth of the concrete 
below the strand. In three beams, the strand was placed two in. from 
the bottom of the beam with respect to the direction of casting. In 
two beams, the strand was placed two in. from the top. 
The anchorage length of the strand, which was determined by 
measuring the concrete strain distribution along the beam, was measured 
immediately after release of the prestress and after periods of 1, 6, 
15 and 35 days. 
30 DETERMINATION OF BONDED LENGTH AND SUPPORT CONDITIONS 
FOR THE TEST SPECIMEN 
3 .. 1 General Remarks 
With respect to bond, it is virtually imposs ible to devise a 
single type of test specimen and test it under such conditions that the 
results would be appl icable to the whole dom~in of bond conditions in 
practice. In general, bond exists under a wide variety of stress 
combinations with the concrete and the. steel stressed differently in 
different directions .. 
In prestressed reinforced concrete, the needs are more 
specific .. Of interest is primarily the anchorage bond with the 
concrete in compression in a direction parallel to the steel which 
is in tension. Flexural bond becomes critical as the ultimate load 
is approached i~ flexural members. In that case, both the concrete 
and the steel are in a state of tension. In addition to stresses 
paral leI to the reinforcement, the concrete may be subjected to both 
tensile and compressive stresses which are caused by loads, reaction 
forces, or transverse prestressing. 
Since the objective of this investigation was not to provide 
data appl icable to specific bond conditions but 'to develop an under-
standing of the nature of bond and to study the effect of many variables, 
the test speclmen had to be simple both for manufacture and for analysis. 
Pull-out tests provide a more satisfactory solution to these requirements 
than beam tests. With a short bonded length, the maximum forces in the 
specimen could be kept low. Thus, the overall stresses in the concrete 
I 2 
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and the lateral elastic deformations of the steel due to axial stresses 
were kept to a minimum. In order to e1 iminate the confining forces, 
induced by friction between the concrete specimen and the supporting 
element, the steel at the loaded end was left unbonded within the 
concrete specimen over a length of four ins 
Even with the stress conditions for the test specimen 
defined satisfactorily, the direct applicabil ity of the results is 
not assured. Extraneous restraints in,the test setup may have measur-
able effects. The following is a discussion of two test conditions 
which may influence the results of the pull-out tests. 
,3.2 Effect of Bonded Length 
Bond is generally described by the relationship between sl ip 
and bond Jorce. This relationship, however, may be regarded as a 
unique bond property only if the measurements are obtained under very 
special conditions. In general, the bond stress (i.e. force per bonded 
onit area) or the unit bond force (i.e. force per bonded unit length) 
is a nonlinear function of the sl ipa Since the sl ip varies along the 
bonded length because of a nonuniform elastic deformation of the steel, 
caused by a change in steel stress, ,the bond stress distribution is 
nonlinear. The same is true for the distribution of steel stress and 
s 1 i p .. 
The only quantities that are usually obtained from measurements 
in pull-out tests are the magnitudes of the sl ip and the steel stress 
at the ends of the bonded length.. In order to determine a direct 
relationship between slip and bond force, the distribution of both 
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quantities along the bonded length would have to be known. Approximations 
can be made by taking average values assuming, for example, a constant 
bond stress distribution. The bond-s1 ip relationship, obtained in 
this manner, would not represent a generally val id bond property but 
it would pertain to a certain bonded length only. This explains in 
part why test results of various investigatiuns compare so unfavorably, 
and why attempts to project from one test condition to another have 
often failed. 
There are three possible approaches to obtaining a direct 
bond-51 ip relationship: 
(a) The steel stress and the sl ip along the bonded length 
are measured. In the realm of current technology, this method has 
the disadvantages of demanding precision difficult to achieve and 
instrumentation 1 ikely to cause disturbance of bond. 
(b) Series of pull-out tests with different bonded lengths 
could be conducted, and a relationship between the average bond values 
and the bonded length could be establ ished. Extrapolations would make 
it possible to determine the average bond force-s1 ip relationship for 
,any desired bonded length. This method, however, would lead to a very 
extensive test program, since the bonded-length'effect would have to 
be tested for all variables investigated. 
(c) The third method appears to be the least expensive and 
most successful one. It was used by Rehm (1961) in an investigation 
of bond characteristics of plain and deformed bars. The ideal would 
have been ~o test reinforcement with an infinitesimally small 'bonded 
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length thus assuring a practically uniform sl ip, and consequently a 
uniform bond stress distribution. A direct bond force-s1 ip relation-
ship would be obtained in that case. In practice, of course, a bonded 
length of finite value had to be chosen. The 1 imits of the length to 
be chosen depend on many factors such as uniformity of steel surface, 
aggregate size, relative effect of boundary conditions on total length, 
m~ximum pull-out force to be obtained, and the shape of the bond force-
s 1 i p re 1 at i onsh i p • 
In the investigation described in this paper, the third 
method was chosen. Before one bonded length for all pul1 .... out tests 
was dec i ded upon, four test ser i es (SA09-1, SA09 ... 2, SA08-3, SA09 -4) 
were carried out with different bonded lengths. Each series involved 
a single strand size and consisted of 12 specimens. Three specimens 
were tested at each of the following -bonded lengths: 0 .. 5, 1 .. 0,,1 .. 5, 
and 2.0 in. The average results, plotted in terms of unit bond force, 
ai6 ,..'-'", ........ ;:lIIVVVII .... 1:";,., '2 1 III I I!:::I • ..Ie' 
Within each test series and at slips of less than 0,,01 in .. , 
the differences in the un'it bond force-slip relationships were not 
. significantly ~reater than the differences which would have been 
obtained if the average results from four groups of three tests 
with the same bonded length had been compared. This observation is 
supported by the distribution of a population of 35 tests with a bonded 
1 e~gth of one i n ~ (see Fig. 5 .. 3). 
At large sl ips, the unit bond force of the spec[mens with 
a bonded length of 0.5 in. increased less than that of specimens with 
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larger bonded lengths3 This fact may be attributed to an imperfection 
of the test specimens used. As described in section A.4, wax was used 
at the ends of the bonded length to stop the fresh concrete from running 
inside the steel pipes that prevented bond between the strand and the 
concrete outside the desired length. During the pull-out test, the 
strand was pulled out at least 0.15 in. Th~s meant, that at the trail 
end of the bonded length, a piece of strand was pulled into the concrete 
that was unbonded and coated with wax. Thus, the average bond strength 
over the total length decayed with increasing sl ips The amount of loss 
in bond qual ity, caused by the imperfection of the test specimens, was 
constant for every bonded length, the effect on the unit bond force, 
however, increased the shorter the bonded length became. 
Jest results obtained with very short embedment lengths are 
very sensitive towards any imperfections. Therefore, the theoretical 
advantage of making the bonded length as short as possible is offset 
by practical considerations. This fact was indicated by the relatively 
large scatter of the individual tests with bonded lengths of 0.5 in. 
As a result of these tests, a bonded length of one in. was chosen as 
,the standard bonded length for all pull-out tests since it was the 
shortest length giving rel iable and'consistent test results. 
An estimate of the differential s1 ip between trail end and 
attack end of the bonded length may be obtained with the following 
assumptions: (a) The steel stress decreases 1 inearly from the attack 
end to the trail end, where it has to be zero. (b) The concrete 
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deformations are negligible. Thus, the differential sl ip, ds, will 
be approximately 
ds = .p L 2 A E (301 ) 
where P = pull-out force, L = bonded length, A = steel area,and E = 
modulus of elasticity of the strand. For a 7/16-in. strand and a 
bonded' 1 engt h of one in .. , the different i a 1 s 1 i p at a pu 11 -out force 
of 700 lb is found to be 0 .. 00011 in" 
Since the differential sl ip was of an order that barely could 
be measured with O.OOOl-in. dial indicators, it was not necessary to 
measure the attack-end sl ip.. For large bonded lengths, however, the 
measurement of the attack-end sl ip was a necessity. ·In those cases, 
thedJfJerentic;ll slip_becamE? arJ i.nfluen~ial IT.lagnitude, and the error 
in assuming a constant bond stress dtstrlbution along the bonded 
length was significant .. Two test 'series (SA09-18; SA10-19), carried 
out with specimens of different bonded lengths, confirmed that fact. 
Test series SA09-18 included 14 specimens with 7/16-in. 
strand. Three specimens were tested with each of the following 
-bonded lengths: 1,3,8, 15 in., and two specimens with a bonded 
length of 20 in. 
; 
Test series SA10-19 included 9 specimens; the bonded 
1 engthswere 1, 3, and 8 in" The attack-end s 1 i p was measured in 
both test series in addition to the trail-end sl ip for bonded lengths 
greater than one in. Figure 3.3 and 3.4 show t~e measured force-slip 
relationships. At an attack .... end slip of 0.0001 in., the total load 
developed was approximately 200 to 300 lb regardless of the bonded 
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length. The attack-end sl ip increased proportionally with the load 
until the trail end started to sl ip. The relationship between the 
attack-end sl ip and the load was virtually independent of the bonded 
length which indicates the progressive character of the bond mechanism. 
After a measurable trail-end slip had developed, the rate of 
sl ippage increased suddenly. This break is ·understandable if the bond 
force-s1 ip relationship of the one-in. specimen is observed. The bond 
force increases initially with practically no trail-end sl ip. After 
reaching a certain load, the sl ip increases suddenly while the load 
stays almost constant. The bond-s1 ip curve may be compared to an 
elasto-plastic stress-strain curve. The bonded piece of strand is 
. pulled out at approximately constant force after the. slip had extended 
over the total length. The attack-end and trail-end slips progress 
at the same rate, with the attack-end slip exceeding the trail-end 
sl ip by the amount of the differential sl ip. For bonded lengths less 
than 8 in., the diffe~entia1 sl ip was too small to be shown gr~phical1y 
in Fig. 3.3 and 3.40 
The relationship of the unit bond force versus the trail-end 
. sl ip was plotted in Fig. 3.5 and 3.6. The shape of the unit bond force-
sl ip relationship of the one-in. specimens should be compared with the 
shape of the curves in Fig. 3.2. The difference was caused by the fact 
that a new coil of 7/16-in. strand was used in test series SA~-18 and 
SA10-19. 
The shape of the unit bond force-s1 ip relationship of the 
one-in. specimen affects the magnitude of the average bond force 
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calculated for tests with larger bonded lengths. If the unit bond force 
of the one-in. specimen is constant throughout the whole range of sl ip, 
the unit bond force-s1 ip relat·ionship would be identical for every 
bonded length. In the case of a negative slope for the unit bond 
force~slip relationship, the unit bond force will decrease with increas-
ingbonded length. In the case of a pos.itive slope, it will increase 
with i~creasing bonded length. These trends are indicated by the curves 
in Flg. 3.5 and 3.6. At small sl ips, the unit bond forces decreased 
with increasing bonded lengths as expected. The trend of the decrease 
wastn the right order for both test series although the relative 
magnitudes were not as consistent. The typical scatter of bond tests, 
especially with short bonded lengths, is such that three ostensibly 
identical tests are not sufficient to produce completely rel iable 
average values. The reduction in unit bond for the one-in. specimen 
at a sl ip of approximately 0.01 ihm became less pronounced for larger 
bonded lengths since, for the longer specimens, the unit bond force was 
averaged over larger slip ranges. 
The results shown in Fig. 3.5 and 3.6 are analysed in detail 
in Chapter 13 .. 
3.3 Effect of Support Conditions 
Strand belongs neither to the category of deformed bars nor 
to that of plain bars. Provided the concrete specimen does not spl it, 
deformed bars fail in bond by shearing off the concrete keys between 
20 
their deformations. Plain bars are pulled out of the concrete suddenly 
after the initial bond force at a sl ip of approximately 0.0001 in .. 
has been exceeded. Strand, with its long-pitched, hel ical arrangement 
of the exterior wires, untwists itself when forced to sl ip through the 
rigid concrete embedment. 
Two test setups may be used with respect to the untwisting 
of the strand: (a) the concrete specimen may be restrained completely 
from rotating, and (b) the concrete sp~cimen may be permitted to rotate 
freely. In the first case, the strand is forced to untwist itself with 
respect to the rigid concrete specimen. In the second case, the strand 
retains its original geometric shape while the concrete specimen rotates. 
Untwisting of the strand tends to increase the contact pressure 
between the strand and the concrete because the strand possesses some 
torsional stiffness. The higher contact pressures should cause the 
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rotate, the torsional restraint vanishes. No increase of contact 
pressure occurs. 
In order to investigate the effect of the rotational restraint 
. on bond, a series of tests (SA08-S) was carried out using strand- with a 
diameter of 7/16 in. The series included nine specimens: Five speci-
mens were free to rotate during the test, four specimens were completely 
restrained. The average bond-s1 ip relations are plotted in Fig. 3.7. 
The difference in bond force was very small. In fact, the bond force 
at small sl ips was even lower for the restrained specimens. However, 
the rate at which the bond force increased with increasing sl ip was 
greater for the specimens restrained from rotation than for those free 
to rotate. 
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In addition to the bond force, the relative rotation of the 
strand versus the ~oncrete prism was measured for both types of test 
setups. As expected, the meas'ured rotation of the unrestrained con-
crete specimen around the strand was exactly equal to the amount the 
strand untwisted with respect to the fixed concrete specimen. 
Summarizing the test results, ~t may be concluded that the 
torsio~al restraint of the test setup, and consequently the torsional 
stiffness of strand~ had very 1 ittle influence on bond as measured in 
the pull-out tests. 
Since in practice ·the concrete Is usually restrained from 
rotation, .all further pull-out tests with strand were performed on 
torsionally restrained specimens. 
4. TESTS WITH PLAIN WIRE 
Seven-wire strand is manufactured by twisting six plain wires 
hel ically around a straight center wiree Although strand consists only 
of plain wires, the arrangement of the exterior wires results in an 
overall surface geometry which increases bond beyond the value depend-
ing on the surface characteristics of the individual wires. To develop 
a basic understanding of the bond characteristics of strand, it was 
necessary to study bond related to the surface characteristics of the 
plain wires separately. This could be achieved by conducting pull-
out tests with plain wire having the same surface characteristics as 
the exterior wires of the strand. Because the exterior wires of the 
·strand could not be straightened without modifying their surface, the 
straight center wires of the strand were used for this purpose. The 
surface characteristics of the center wire might differ a little 
from that of the exterior wires because of the manufacturing process 
of the strand and the protected position of the center wire against 
physical and chemical wear. However, the effect of this difference on 
bond was assumed to be small. 
Three pull-out test series (WA08-1, WB08-1, WC08-1) were 
conducted using the ce~ter wires of ·1/4-in., 3/8-in., 7/16-in., and 
1/2-in. strand. For each series of twelve specimens, a different 
concrete mix was used. The compressive strength of the concrete at 
the time of testing was approximately 2200, 5000, and 8300 psi. 
The bond stress-s1 ip relationships (Fig. 4.1) were typical 
for plain wire, although plotting the slip to a logarithmic scale may 
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obscure this fact. An example of a bond stress-s1 ip curve, with the 
slip plotted to a-linear scale, is shown in Fig .. B.l .. ' Initially, 
the bond stress increased at a slip too small to be measurable. At 
a slip of approximately OcOOOl ino, the maximum bond stress was reached. 
This point in the bond stress-slip curve was clearly marked by a sudden 
drop of the load with an attendant incre~se of sl ip. The bond stress 
kept d~creasing until it approached a nearly constant value at a sl ip 
of approximately 0.1 in. 
The average b6nd-sl1p curves, shown in Fig. 4.1, indicate 
that at higher concrete strengths the bond stress increased with the 
wire size. This trend was very pronounced in test series WB08-1 with 
a concrete strength of 8300 psi. Considering the relatively great 
scatter that is typical for bond tests, e-specially with short embedment 
lengths, and the fact that the individual results of tests with· different 
wire sizes overlapped one another' by a large margin, it is not expedient 
to draw definite conclusions. - There was neither a statistical nor a 
theoretical basis to confirm the above observation. 
The maximum bond stress for the individual tests (Fig. 8.46, 
" 8.47, and 8.48) ranged from 235 to 425 psi. The lower values were 
obtained with low-strength concrete, the higher values with high-
strength concrete. In order to determine the influence of the concrete 
strength on bond, the bond stresses of all four wire sizes were averaged. 
In this manner, one bond stress-slip relationsh~p was obtained for each 
test series (Fig. 4.2). The results demonstrate that"the ,concrete 
strength had an increasing effect on the bond stress throughout the 
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entire range of slip. The influence, however, was very small .. Although 
the concrete strength varied from 2000 to BOOO psi, the bond stress 
increased by only 10 percent at a sl ip of 0 .. 0001 in. and by approximately 
50 per cent at a s 1 i p of 0" 15 in. 
In contrast to the foregoing observations, Rehm (1961) found 
that the bond stress of plain round bars var,ied approximately propor-
tionally with the concrete strength, at least within the range of 1000 
psi to 5200 psi. Rehm tested plain round steel bars with diameters of 
16 mm (SIB in.) using pull-out tests with a bonded length equal to the 
diameter of the bar. It should be mentioned, however, that the bars, 
tested by Rehm, had a rougher surface than the center wires of strand. 
"The surface was classified as "partly scarred mill scale. 1I 
Another three test series with plain wire (WAP15-1, WAP17-2, 
WBP66-1) were performed in connection with the phase of the test 
program to investigate the influence of lateral pressure on bond. 
Specimens with center wires of 7/16-in. strand and concrete strengths 
of approximately 6000 psi and 8200 psi were tested. The relationships 
found for these tests were very similar to those in the tests described 
above ( Fig. 4 .. 3 ) . 
Test series WBP66-1 produced extremely high bond stresses 
compared with the results of series WBoB-l (Fig .. 4.1). The difference 
may be attributed to shrinkage. Although the concrete mix and the concrete 
strength were practically identical in both series, the age of the concrete 
at which the tests were carried out differed by almost two months. The 
shrinkage deformations of the concrete, developed during this period of 
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time, induced additional lateral stresses acting normal to the surface 
of the wire. As a consequence of the higher normal stresses, the bond 
stresses _of _test se_rie_sWBp66 ... 1 exceeded those of series WB08 ... 1. 
Summarizing the test results obtained with the center wires 
of strand, it may be concluded that the concrete strength had a well 
defined but small effect on the bond strength of plain wire. The bond 
strength increased with the age of the concrete, which is mainly 
attributable to shrinkage. The maximu~ bond stress was developed at 
a sl ip of approximately 0 .. 0001 in .. For an 8- to 17-day old concrete, 
the average maximum bond stresses varied from 300 to 330 psi depending 
on the concrete strength. At a sl ip of 0.1 in., the range of the average 
bond stresses was as low as 80 to 160 psi e 
The above bond values compare very well to results obtained 
by Keuning (1962) who used pull-out ~ests to study the bond character-
istics of 0.192-in. round prestressing wire .. In Keuning's tests, the 
bonded length was three in. The age of the concrete was nine days, the 
concrete strength was approximately 4700 psi, and the maximum bond stress 
was 330 psi. At a sl ip of 0 .. 1 in., Keuning's tests indicated an average 
-bond stress of 110 psi. 
5. EFFECT OF STRAND SIZE 
The most commonly used type of strand in prestressed concrete 
is seven-wire (round-wire) strand. With·the exception of extremely 
small diameters which are used in model structures, the diameter of 
seven-wire strand ranges from approximately 0.25 in. to 0.6 in. In 
order to 1 imit the number of tests, it was necessary to study the 
effect of different variables on bond experimentally with only one 
strand size. To project those results.to other sizes required an 
investigation of the influence of the strand size on bond. 
The investigation described in this report included four 
different strand sizes with nominal diameters of 1/4, 3/8, 7/16, and 
1/2 in. Three different concrete strengths were used ranging from 
2300 psi to 7600 psi. A total of 33 tests was performed. with 1/4-in., 
3/8 in., and 1/2-in. strand, and 54 tests were carried out with 7/16-in. 
strand (see Table B.l and B.2) to investigate the effect of the strand 
size on bond. 
Average unit bond force-s1 ip relationships for different 
strand sizes, as obtained 'with a concrete strength of approximately 
-5400 psi, are plotted in Fig. 5.1. With exception of the 3/8-in. 
strand, the relationships show a similar trend for the various strand 
sizes. The bond force increased initially without measurable s1 ip. 
After having reached a certain value (initial bond force), the strand 
started sl ipping. The bond strength beyond the initial bond force 
continued to increase at a small but steady rate. 
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The 3/8-ln6 strand displayed a different bond-sl ip character-
istic. The steady increase of the bond strength was interrupted by a 
sudden decrease of the bond force at a sl ip of roughly Q.OOl in. The 
rate at which the bond force increased at sl ips larger than approximately 
OGOl in. exceeded that of the other strand sizes. 
The unit bond force of the strand increased with the diameter. 
To determine how much the bond strength was affected by the strand size, 
.L.. L ____ ~ __ , 
Lnt:! f1UIlIIIIc:l1 
L..~_-I 
UVIII..I +ho '-II~ pul1~out force divided by the theoreti-
cal surface area) was plotted for each strand size and for each concrete 
strength in Fig. 5.2. To express bond in terms of bond stress was 
justified by the facts that the twist angles of the different strands 
(i .e. the angle formed by the axes of the exterior wires with the 
longitudinal axis of the strand) were approximately identical and that 
the torsional stiffness of strand had 1 ittle influence on the bond 
strength (see Section 3.3). The latter fact was confirmed indirectly 
in Fig. 5.2. Although l/2-in •. strand is stiffer with respect to 
torsion than 1/4-in. strand, the bond stress of both strands increased 
with slip at approximately the same rate. 
The relationships in Fig. 5.2 suggest a s1 ight trend of the 
nominal bond stress to decrease with increasing strand diameter. A 
study of all the test data, however, indicated that this trend was 
statistically not significant. In Fig. 5.3 through 5.5 the mean, the 
confidence intervals of the mean, and the mean ~ncluding two standard 
deviations were plotted versus the strand size for concrete mixes 
A, B, and C. :The confidence intervals indicate the range within which 
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the average bond stress 1 ies with a probability of 95 percent. The 
1 imits determined by two standard deviations enclose ostensibly 95 
percent of all test data. 
The bands representing the scatter of individual test results 
for each strand size in Fig. 5.3 through 5.5 overlap one another by 
such a margin, both for a slip of 0 .. 0001 in .. ' and 0,,1 in .. , that the 
trend indicated in Fig. 5.2 appears doubtful, or at least not signi-
ficant. It should be noticed that the, confidence interval was relatively 
small for 7/16-in. strand in Fig. 5.3 because 35 test results were avail-
able for this strand size. Only 12 test results could be used for the 
other strand sizes .. 
The variation of the nominal bond stress with the strand 
diameter for each of the three concrete strengths of mix. A, B, and 
C is presented in Fig. 5.6. The variation is shown in terms of 
confidence intervals of the mean (probabil ity 95 percent) and in 
terms of the mean plus two standard deviations. Figure 5.6 illustrates 
the variation of the nominal bond stress with the concrete strength. 
In Fig. 5.7 the 'average bond forces at different sl ips 
(0 0 0001 in .. , 0.01 in .. , 0 .. 1 in .. ) are plotted versus the strand diameter. 
Provided that the same bond characteristics pertain to all strand sizes, 
straight 1 ine relationships, starting at the origin of the graph, should 
be obtained. For practical purposes and within the range of strand 
sizes tested, the bond force of strand may be assumed to vary approxi-
mately 1 inearly with the strand diameter. 
6. EFFECT OF CONCRETE PROPERTIES ON BOND OF 
PLAIN WIRE AND STRAND 
6.1 Introductory Remarks 
To compare the influence of different concrete properties on 
bond is extremely difficult, because varying one property of the 
concrete inevitably results in the change of other properties. By 
changing, for example, the strength of the concrete, which may be 
achieved by varying either the mix proportions or the age of the 
concrete, the characteristics of settlement of the fresh concrete 
may be altered in one case, the conditions of shrinkage in the other. 
It is therefore not possible to separate the influence of individual 
properties to such a degree as to render absolutely rel iable relation-
ships between bond strength and individual concrete properties. It 
is possible, however, by careful selection and control of the concrete 
mixes, to determine the trend and the significance of the effects 
different concrete properties exert on bond. 
In the following, effects of concrete properties, such as 
strength, consistency, curing conditions and age on bond of plain wire 
and strand are described. 
6.2 Effect of Con6rete Strerigth on Bond of Plain Wire and Strand 
Three different mix proportions for the concrete were used 
(Section A.2.3) to study the influence of concrete strength on bond. 
The mix proportions were chosen so that the ratio of the volume of 
cement plus sand to the volume of gravel, and the consistency of the 
fresh concrete, as measured by the slump, remained constant for all 
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three mixes. Necessarily, the amount of cement and the water/cement 
ratio were different. The properties of the mixes (A, 8, C) and the 
resulting strength characteristics of the concrete are 1 isted in 
Table A.l. The age of the concrete at the time the tests were per-
formed was eight or nine days. The average compressive strength was 
approximately 5400 psi, 7500 psi, and 2400 psi. The relation between 
the compressive strength and the spl itting strength of the concrete is 
shown in Fig. A.2. 
Three series of tests with center wires of four different 
strand sizes (1/4, 3/8, 7/16, and 1/2 in.) 'were performed to investigate 
the variation of the bond strength of plain wire with the concrete 
strength. The average bond-s1 ip relations of these tests are presented 
in Fig. 4.1. Each curve represents the average of three tests. Since 
no significant influence of the wire diameter on the bond strength could 
be found, the bond stresses of all four wire sizes were averaged and 
plotted in Fig. 4.2. The concrete strength appeared to have a small 
but definite effect on the bond strength throughout the whole range 
of s 1 i p II 
In Fig. 6.1, the bond strength, obtained with different 
concrete strengths, was expressed in percent of·the bond stress 
developed at a concrete strength of approximately 5000 psi. Each 
symbol in this graph represents an average of three test results. 
Taking the mean value of those results, regardless of the wire diameter 
and the sl ip at which the results were obtained, it appears that the 
bond strength increased by roughly four percent for every 1000-psi 
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increase of concrete strength. Taking into consideration the introductory 
remarks of this chapter, and the fact that the above result was derived 
from only twelve tests per concrete strength, the quantitative conclu-
sion is debatable. It shows clearly, h6weveG that the concrete 
strength has but 1 ittle influence on the bond strength of plain wire. 
A larger number of tests was performed with strand to study 
the influence of concrete strength on bond. Including all four strand 
sizes, 36 tests were carried out with ,a concrete strength of roughly 
2400 psi, 71 tests with a concrete strength of 5500 psi, and 47 tests 
with a concrete strength of 7500 psi. The data from the following 
series were used to evaluate the effect of concrete strength: series 
SA09 ... 1 through SA08 ... 14, with the except ion of ser ies' SA23-8 and SA08-13 
(Table B.l), series SB09-1 through SB08-3, and series SC09-1 through 
SC08~4 (Table B.2). 
-F~gures-6~2-through 6~5present_the_average_bond-slip 
relationships of the four strand sizes at various concrete strengths. 
The trend.of the bond strength to increase significantly with the 
concrete strength was common to all four strand sizes. In order to 
compare the relative increase of the bond strength of all four strand 
sizes, the bond strength measured at various concrete strengths was 
expressed in percent of that bond strength that was found at a concrete 
strength of approximately 5500 psi (Fig. 6.6). Despite the differences 
in strand size and sl ip, the results compare su~prisingly well. Accord-
ing to this figure, the unit bond force increased, on the ·average, at a 
rate of eight percent per 1000 psi of concrete strength for a sl ip of 
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0 0 0001 in 0, and at a rate of eleven percent per 1000 ps i of concrete 
strength for a s 1 i p of O. 1 in. These numbers are higher than that 
observed for plain wire. It should be noted, however, that the larger 
number of tests with strand (154) compared with that for plain wire (36) 
resulted in more rel iable mean values. 
Another illustration of the apparent effect of the concrete 
strength on bond of strand, showing the variation of individual test 
results, is presented in Fig; 5;6; 
6.3 Effect of Concrete Consistency on Bond of Strand 
The consistency of the concrete may be measured by the slump 
. the fresh concrete exhibits in a specified test (ASTM C143-66). In 
order to find the effect of the consistency of concrete on bond, various 
concrete mixes were designed such that both the strength characteristics 
and the water/cement ratio remained constant while the consistency was 
varied. This was achieved by varying the ratio of fine aggregates 
(cement plus sand) to coarse aggregates (gravel). Two comparable sets 
of test series were conducted, each set containing three series 
(SA09-6, S009-1, SE09-1, and SA09-7, S009-2, SE09-2). The properties 
of the concrete mixes used (A, 0, E) are 1 isted in Table A.l. The 
slump values developed by the three concrete mixes were approximately 
0.4, 1.5, and 7.0 in. The average strengths of the concrete at the 
age of nine days were within a range of 800 psi = Since the concrete 
properties and the curing conditions were comparable the results of 
both sets of test series were averaged. 
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Each bond-s1 ip relationship in Fig. 6.7 represents an average 
of eight or ten identical testsa A comparison of the three bond-s1 ip 
curves indicates that the bond strength of strand is affected by the 
consistency of the concrete. Despite the comparatively low strength 
of the concrete mix yielding the largest slump, specimens with this 
concrete developed the highest bond strength3 This result confirms 
that the strength of concrete by itself is neither sufficient nor 
rel iable as a' sole basis for the predi~tion of bond strength with 
respect to concrete properties. 
The favorable bond characteristics developed by the high-
slump concrete may be attributed to shrinkage. Although the water/ 
cement ratio was identical for all three concrete mixes, the high-
slump concrete required more water and cement to reach a comparable 
strength at a low consistency. Consequently, this mix was bound to 
develop more shrinkage than the other two mixes •. The resulting 
difference in contact pressures between the concrete and the strand, 
caused by shrinkage deformations, led to an increase in bond strength. 
6.4 Effect of Curing Conditions on Bond of Plain Wire and Strand 
The basic method of curing the pull-out specimens that was 
used throughout the whole test program is described in Section A.4. 
The specimens were kept moist in their forms for two days. Then, the 
forms were struck, and the spec imens were moved to the fog room with a 
relative humidity of 100 percent. After being fn the fog room for 
four days, the specimens were ~tored in.a cl imate-controlled room 
with a temperature of approximately 73 0 F and a relative humidity of 50 
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percent. In order to probe how sensitive bond strength was to different 
curing conditions, a pilot series of tests was conducted early in the 
test program, using, compared with the basic method, two extreme curing 
condit ions. 
Series SAoB-13, including six specimens, was cast with concrete 
of the proportions of mix A. During the first two days, all six speci-
mens were kept moist within their forms. After removing the forms, 
three specimens were stored in the fog,room with a relative humidity of 
100 percent, and three specimens were stored in the cl imate-control1ed 
room at a relative humidity of 50 percent. 
In addition to this series, another series of six specimens 
(SAOB-12) was cast with the same concrete proportions as series SAOB-13. 
However~ the specimens were cured in the usual manner described above. 
At an age of eight days, the specimens of both series were tested@ 
The results are plotted in the form of bond-s1 ip relationships 
in Fig. 6.B. The normally cured specimens and those stored in the fog 
room (moist cured) yielded similar results. However, the specimens 
stored at a relative humidity of 50 percent (dry cured) developed a 
.significantly higher bond strength although the strength of the dry 
cured concrete was only insignificaritly larger than that of the normal 
and moist cured specimens. 
In order to confirm this variation of bond strength with 
curing conditions, two other series of tests were carried out: one 
with 7/16-in. strand (S81B-4) and one with the center wire of this 
strand (WB18-2)= Both series were cast from the same batch of concrete, 
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which was proportioned according to mix B. Each series included six 
specimens. Three specimens were dry cured, and three specimens were 
moist cured. The curing conditions were identical to those of series 
sAOB-13e . However, instead of testing the specimens at an age of eight 
days, the tests were performed after 1B days in order to extend the 
influence of the two different methods of curing. 
The deformations of the concrete caused by shrinkage and 
swell ing were measured from the time ~he forms were removed until the 
day of testing. The deformation was measured with an B-in. Berry gage 
along four 1 ines located on two opposite faces of the concrete prism 
(Fig. 6.9). The average results, obtained from six specimens for 
each type of curing, indicate that the moist cured specimens developed 
a swelling strain of approximately 5 x 10~5 (of the same magnitude as 
the reiiabil ity of the measurements)~ and the dry cured specimens a 
shrinkage strain of roughly 26 x 10-~ Both changes in strain relate 
to the state of the concrete two days after casting • 
. The bond-s1 ip relationships of series WB1B-2 and S81B-4 
(Fig. 6.10) demonstrate that dry curing of the concrete resulted in 
. significantly higher bond strengths than moist curing, especially at 
small sl ips. With increasing sl ip,"the difference between the bond 
forces developed by dry cured and moist cured specimens decreased. 
At a slip of 0.15 in., the influence of the different curing conditions 
on the bond strength of both plain wire and strand was too small to be 
measurable. 
Since the compressive strength of the concrete, determined 
with cylinders subjected to the same curing conditions as the test 
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specimens, was identical for both types of curing, the consistent 
difference in bond strength may only be explained by shrinkage. It 
should be noted that the swell ing measured in the moist cured specimens 
does not indicate absence of stresses due to early shrinkage in the 
first two days. 
6.5 Effect of Age of Concrete on Bond of Plain Wire and Strand 
It was not intended to investigate in this program the influence 
of the concrete age on bond on a broad'scale. In order to perform such 
an investigatio~ properly, a large number ~f specimens, cast preferably 
from one batch of concrete, would be necessary. Sets of tests would 
have to be conducted in certain intervals of weeks, months and years. 
Taking into account different storage conditions, this investigation 
would be a program in itself. Nevertheless, the tests carried out in 
the executed program at different ages of the concrete provided some 
valuable data concerning the effect of age on bond. 
The age of the concrete at which tests were usually performed 
was eight or nine days. The preparation and test procedure for speci-
mens being subjected to lateral pressure required a longer period of 
time to conduct one test series. Therefore, the age at which those 
specimens were tested varied from 15 to 24 days. One series was tested 
at an age of 66 days. 
Bond-s1 ip relationships of specimens with plain center wire 
of 7/16-in. strand tested at different ages are compared in Fig. 6.11. 
The curing conditions and the mix proportlons of the specimens compared 
with one another were identical. The initial bond stress of specimens 
4. TESTS WITH PLAIN WIRE 
Seven-wire strand is manufactured by twisting six plain wires 
hel ical1y around a straight center wire. Although strand consists only 
of plain wires, the arrangement of the exterior wires results in an 
overall surface geometry which increases bond beyond the value depend-
ing on the surface characteristics of the individual wires. To develop 
a basic understanding of the bond characteristics of strand, it was 
necessary to study bond related to the surface characteristics of the 
plain wires separately. This could be achieved by conducting pull-
out tests with plain wire having the same surface characteristics as 
the exterior wires of the strand. aecause the exterior wires of the 
strand could not be straightened without modifying their surface, the 
straight center wires of the strand were used for this purpose. The 
surface characteristics of the center wire might differ a 1 ittle 
from that of the exterior wires because of the manufacturing process 
of the strand and the protected position of the center wire against 
physical and chemical wear. However, the effect of this difference on 
bond was assumed to be small. 
Three pull-out test series (WAOB-l, WBOB-l, WC08-1) were 
conducted using the ce~ter wires of "1/4-in., 3IB-in., 7/16-in., and 
l/2-in. strand. For each series of twelve specimens, a different 
concrete mix was used. The compressive strength of the concrete at 
the time of testing was approximately 2200, 5000, and B300 psi. 
The bond stress-51 ip relationships (Fig. 4.1) were typical 
for plain wire, although plotting the slip to a logarithmic scale may 
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obscure this facts An example of a bond stress-s1 ip curve, with the 
slip plotted to a·linear scale, is shown in Fig .. B.l .. Initially, 
the bond stress increased at a slip too small to be measurable .. At 
a slip of approximately OeOOOl inG, the maximum bond stress was reached s 
This point in the bond stress-s1 ip curve was clearly marked by a sudden 
d~op of the load with an attendant incr~ase of sl ips The bond stress 
kept d~creasing until it approached a nearly constant value at a sl ip 
of approximately 0 .. 1 in. 
The average b6nd-sl ip curves, shown in Fig. 4 .. 1, indicate 
that at higher concrete strengths the bond stress increased with the 
wire size .. This trend was very pronounced in test series WBoB-l with 
a concrete strength of 8300 psi. Considering the relatively great 
scatter that is typical for bond tests, e'specially with short embedment 
lengths, and the fact that the individual results of tests with· different 
. -------~-wi-re--s-i-ze·s-0ve-r_-1_a_pped--0 Fle-an0t-he~-by-a-l-ar-ge--mar-g-i-nT-i-·t-i--s--.not-e-x pe.d--ie nt-
to draw definite conclusions ... There was neither a statistical nor a 
theoretica.l basis to confirm the above observations 
The maximum bond stress for the individual tests (Fig& 8.46, 
. B.47, and B.48) ranged from 235 to 425 psi .. The lower values were 
obtained with low-strength concrete, the higher values with high-
strength concrete. In order to determine the influence of the concrete 
strength on bond, the bond stresses of all four wire sizes were averaged. 
In this manner, one bond stress-slip relationsh~p was obtained for each 
test series (Figs 4.2). The results demonstrate that the ·concrete 
strength had an increasing effect on the bond stress throughout the 
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entire range of sl ipc The influence, however, was very small G Although 
the concrete strength varied from 2000 to 8000 psi, the bond stress 
increased by only 10 percent at a sl ip of 0.0001 in. and by approximately 
50 percent at a sl ip of 0 .. 15 in. 
In contrast to the foregoing observations, Rehm (1961) found 
that the bond stress of plain round bars var,ied approximately propor-
tionally with the concrete strength, at least within the range of 1000 
psi to 5200 psi .. Rehm tested plain round steel bars with diameters of 
16 mm (5/8 in.) using pull-out tests with a bonded length equal to the 
diameter of the bar. It should be mentioned, however, that the bars, 
tested by Rehm, had a rougher surface than the center wires of strand. 
The surface was classified as "partly scarred mill scale." 
Another three test series with plain wire (WAP15-1, WAP17-2, 
WBP66-1) were performed in connection with the phase of the test 
program to investigate the influence of lateral pressure on bond. 
Specimens with center wires of 7/16-in. strand and concrete strengths 
of approximately 6000 psi and 8200 psi were tested. The relationships 
found for these tests were very similar to those in the tests described 
above (Fig .. 4.3). 
Test series WBP66-1 produced extremely high bond stresses 
compared with the results of series WB08~1 (Fig. 4.1). The difference 
may be attributed to shrinkage@ Although the concrete mix and the concrete 
strength were practically identical in both series, the age of the concrete 
at which the tests were carried out differed by almost two months. The 
shrinkage deformations of the concrete, developed during this period of 
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time, induced additional lateral stresses acting normal to the surface 
of the wire. As a consequence of the higher normal stresses, the bond 
stresses of test series WBP66-1 exceeded those of series WBOB-l. 
Summarizing the test results obtained with the center wires 
of strand, it may be concluded that the concrete strength had a well 
defined but small effect on the bond strength of plain wire. The bond 
strength increased with the age of the concrete, which is mainly 
attributable to shrinkage. The maximu~ bond stress was developed at 
a sl ip of approximately OGOOOl in. For an B- to 17-day old concrete, 
the average maximum bond stresses varied from 300 to 330 psi depending 
on the concrete strength. At a sl ip of 0.1 in., the range of the average 
bond stresses was as low as BO to 160 psi. 
The above bond values compare very well to results obtained 
by Keuning (1962) who used pull-out ~ests to study the bond character-
istics of 0.192-in. round prestressing wire. In Keuning1s tests, the 
bonded length was three in. The age of the concrete was nine days, the 
concrete strength was approximately 4700 psi, and the maximum bond stress 
was 330 psi 8 At a sl ip of 0.1 ina, Keuning's tests indicated an average 
-bond stress of 110 psi. 
5. EFFECT OF STRAND SIZE 
The most commonly used type of strand in prestressed concrete 
is seven-wire (round-wire) strand. With the exception of extremely 
small diameters which are used in model structures, the diameter of 
seven-wire strand ranges from approximately 0.25 in. to 0.6 in. In 
order to 1 imit the number of tests, it was n~cessary to study the 
effect of different variables on bond experimentally with only one 
strand size. To project those results.to other sizes required an 
investigation of the influence of the strand size on bond. 
The investigation described in this report included four 
different strand sizes with nominal diameters of 1/4, 3/8, 7/16, and 
1/2 in. Three different concrete strengths were used ranging from 
2300 psi to 7600 psi. A total of 33 tests was performed.with 1/4-in., 
3/8 in., and 1/2-in. strand, and 54 tests were carried out with 7/16-in. 
strand (see Table B.l and B.2) to investigate the effect of the strand 
size on bond. 
Average unit bond force-si ip relationships for different 
strand sizes, as obtained 'with a concrete strength of approximately 
'5400 psi, are plotted in Fig. 5.1. With exception of the 3/8-in. 
strand, the relationships show a similar trend for the various strand 
sizes. The bond force increased initially without measurable sl ip. 
After having reached a certain value (initial bond force), the strand 
started sl ippingu The bond st~ength beyond the initial bond force 
continued to increase at a small but steady rate. 
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The 3/8-in. strand displayed a different bond-s1 ip character-
istic. The steady increase of the bond strength was interrupted by a 
sudden decrease of the bond force at a sl ip of roughly Q.OOl in. The 
rate at which the bond force increased at sl ips larger than approximately 
0.01 in. exceeded that of the other strand sizes. 
The unit bond force of the strand increased with the diameter. 
To determine how much the bond strength was affected by the strand size, 
the nominal bond stress (i .e. the pul1.-out force divided by the theoreti-
cal surface area) was plotted for each strand size and for each concrete 
strength in Fig. 5.2. To express bond in terms of bond stress was 
jllitifiedby the facts that the twist angles of the different strands 
(iGe. the angle formed by the axes of the exterior wires with the 
longitudinal axis of the strand) were approximately identical and that 
the torsional stiffness of strand had 1 ittle influence on the bond 
strength (see Section 3.3). The latter fact was confirmed indirectly 
in Fig. 5.20 Although l/2-ln e .strand is stiffer with respect to 
torsion than 1/4-in. strand, the bond stress of both strands increased 
with slip at approximately the same rate. 
The relationships in Fig. 5.2 suggest a sl ight trend of the 
nominal bond stress to decrease with increasing strand diameter. A 
study of a1,l the test data, however, indicated that this trend was 
statistically not significant. In Fig. 5.3 through 5.5 the mean, the 
confidence intervals of the mean, and the mean ~ncluding two standard 
deviations were plotted versus the strand size for concret,e mixes 
A, B, and c. ~he confidence intervals indicate the range within which 
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the average bond stress 1 ies with a probabil ity of 95 percent. The 
1 imits determined by two standard deviations enclose ostensibly 95 
percent of all test data. 
The bands representing the scatter of individual test results 
for each strand size in Fig. 5.3 through 5.5 overlap one another by 
such a margin, both for a sl ip of 0,,0001 in.' and 0.,1 in .. , that the 
trend indicated in Fig .. 5.2 appears doubtful, or at least not signi-
ficant .. It should be noticed that the, confidence interval was relatively 
small for 7/16-in. strand in Fig. 5.3 because 35 test results were avail-
able for this strand size. Only 12 test results could be used for the 
other strand sizes. 
The variation of the nominal bond stress with the strand 
diameter for each of the three concrete strengths of mix A, B, and 
C is presented in Fig. 5.6. The variation is shown in terms of 
confidence intervals of the mean (probabi1 ity = 95 percent) and in 
terms of the mean pius two standard deviations. Figure 5.6 illustrates 
the variation of the nominal bond stress with the concrete strength. 
In Fig. 5.7 the 'average bond forces at different sl ips 
(0 0 0001 in., 0 .. 01 in", 0.1 in.) are plotted versus the strand diameter. 
Provided that the same bond characteristics pertain to all strand sizes, 
straight 1 ine relationships, starting at the origin of the graph, should 
be obtained. For practical purposes and within the range of strand 
sizes tested, the bond force of strand may be assumed to vary approxi-
mately 1 inearly with the strand diameter. 
6$ EFFECT OF CONCRETE PROPERTIES ON BOND OF 
PLAIN WIRE AND STRAND 
6 9 1 Introductory Remarks 
To compare the influence of different concrete properties on 
bond is extremely difficult, because varying one property of the 
concrete inevitably results in the change of other properties. By 
changing, for example, the strength of the concrete, which may be 
achieved by varying either the mix proportions or the age of the 
concrete, the characteristics of settlement of the fresh concrete 
may be altered in one case, the conditions of shrinkage in the other. 
It is therefore not possible to separate the influence of individual 
properties to such a degree as to render absolutely rel iable relation-
ships between bond strength and individual concrete properties. It 
is possible, however, by careful selection and control of the concrete 
mixes, to determine the trend and the significance of the effects 
different concrete properties exert on bond. 
In the following, effects of concrete properties, such as 
strength, consistency, curing conditions and age on bond of plain wire 
and strand are described. 
6.2 Effect of Con6rete Strerigth on Bond of Plain Wire and Strand 
Three different mix proportions for the concrete were used 
(Section A.2.3) to study the influence of concrete strength on bond. 
The mix proportions were chosen so that the ratio of the volume of 
cement plus sand to the volume of gravel, and the consistency of the 
fresh concrete, as measured by the slump, remained constant for all 
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three mixes. Necessarily, the amount of cement and the water/cement 
ratio were different. The properties of the mixes (A, B, C) and the 
resulting strength characteristics of the concrete are listed in 
Table A.l. The-age of the concrete at thet ime the __ testswere per-
formed was eight or nine days. The average compressive strength was 
approximately 5400 psi, 7500 psi, and 2400 psi. The relation between 
the compressive strength and the spl itting strength of the concrete is 
shown in Fig. A.2. 
Three series of tests with center wires of four different 
strand sizes (1/4,3/8, 7/16, and 1/2 in.)'were performed to investigate 
the variation of the bond strength of plain wire with the concrete 
strength. The average bond-s1 ip relations of these tests are presented 
in Fig. 4.1. Each curve represents the average of three tests. Since 
no significant influence of the wire diameter on the bond strength could 
be found, the bond stresses of all four wire sizes were averaged and 
plotted 'in Fig .. 4.2 .. The concrete strength.appeared to have a small 
but definite effect on the bond strength throughout the whole range 
of s 1 i p " 
In Fig. 6.1, the bond strength, obtained with different 
concrete strengths, was expressed in percent of ' the bond stress 
developed at a concrete strength of approximately 5000 psi. Each 
symbol in this graph represents an average of three test results. 
Taking the mean value of those results, regardless of the wire diameter 
and the sl ip at which the results were obtained, it appears that the 
bond strength increased by roughly four percent for every 1000-psi 
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increase of concrete strength. Taking into consideration the introductory 
remarks of this chapter, and the fact that the above result was derived 
from only twelve tests per concrete strength, the quantitative conclu-
s ion i s-debatab 1 e,,-It shows clearly, however, thatt-he concrete-
strength has but 1 ittle influence on the bond strength of plain wire. 
A larger number of tests was performed with strand to study 
the influence of concrete strength on bond. Including all four strand 
sizes, 36 tests were carried out with ,a concrete strength of roughly 
2400 psi, 71 tests with a concrete strength of 5500 psi, and 47 tests 
with a concrete strength of 7500 psi. The data from the following 
series were used to evaluate the effect of concrete strength: series 
SA09 ... 1 through SAOB-14, with the except ion of ser ies' 5A23-B and SAOB-13 
(Table B.l), series 5B09-1 through SBOB-3, and series SC09-1 through 
SCOB-4 (Table B.2). 
Figures 6 .. 2 through 6 .. 5' present the average bond-s1 ip 
relationships of the four strand sizes at various concrete strengths .. 
The trend of the bond strength to increase significantly with the 
concrete strength was common to all four strand sizes. In order to 
compare the relative increase of the bond strength of all four strand 
sizes, the borid strength mea~ured at various concrete strengths was 
expressed in percent of that bond strength that was found at a concrete 
strength of approximately 5500 psi (Fig. 6.6). Despite the differences 
in strand size and sl ip, the results compare su~prisingly well e Accord-
ing to this figure, the unit bond force increased, on the ·average, at a 
rate of eight percent per 1000 psi of concrete strength for a sl ip of 
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0 0 0001 in., and at a rate of eleven percent per 1000 ps i of concrete 
strength for a s 1 i p of O. 1 in. These numbers are higher than that 
observed for plain wire. It should be noted, however, that the larger 
number of tests with strand (154) compared with that for plain wire (36) 
resulted in more rei iable mean values. 
Another illustration of the apparent effect of the concrete 
strength on bond of strand, showing the variation of individual test 
results, is presented in Fig .. 5 .. 6 .. 
6.3 Effect of Concrete Consistency on Bond of Strand 
The consistency of the concrete may be measured by the slump 
. the fresh concrete exhibits in a specified test (ASTM C143-66). In 
order to find the effect of the consistency of concrete on bond, various 
concrete mixes were designed such that both the strength characteristics 
and the water/cement ratio remained constant while the consistency was 
varied. This was achieved by varying the ratio of fine aggregates 
(cement plus sand) to coarse aggregates (gravel). Two comparable sets 
of test series were conducted, each set containing three series 
(SA09-6, S009-1, SE09-1, and SA09-7, S009-2, SE09-2). The' properties 
of the concrete mixes used (A, 0, E) are 1 isted in Table A.l. The 
slump values developed by the three concrete mixes were approximately 
0.4, 1.5, and 7.0 in. The average strengths of the concrete at the 
age of nine days were within a range of 800 psi. Since the concrete 
properties and the curing conditions were comparable the results of 
both sets of test series were averaged. 
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Each bond-s1 ip relationship in Figo 6 0 7 represents an average 
of eight or ten identical tests. A comparison of the three bond-s1 ip 
curves indicates that the bond. strength of strand is affected by the 
consistency of the concretee Despite the comparatively low strength 
of th~ concrete mix yieiding the iargest slump, specimens with this 
concrete developed the highest bond strength. This result confirms 
that the strength of concrete by itself is neither sufficient nor 
rel iable as a sale basis for the predi~tion of bond strength with 
respect to concrete properties. 
The favorable bond characteristics developed by the high-
slump concrete may be attributed to shrinkage. Although the water/ 
cement ratio was identical for all three concrete mixes, the high-
slump concrete required more water and cement to reach a comparable 
strength at a low consistency. Consequently, this mix was bound to 
develop more shrinkage than the other two mixes •. The resulting 
difference in contact pressures between the concrete and the strano, 
caused by shrinkage deformations, led to an increase in bond strengtho 
6.4 Effect of Curing Conditions on Bond of Plain Wire and Strand 
The basic method of curins the pull-out specimens that was 
used throughout the whole test program is described in Section A.4. 
The specimens were kept moist in their forms for two days. Then, the 
forms were struck, and the spec imens were moved to the fog room with a 
relative humidity of 100 percent. After being In the fog room for 
four days, the specimens were stored in a cl imate-control1ed room 
with a temperature of approximately 73 0 F and a relative humidity of 50 
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percent. In order to probe how sensitive bond strength was to different 
curing conditions, a pilot series of tests was conducted early in the 
test program, using, compared with the basic method, two extreme curing 
condit ions. 
Series SAOS-13, including six specimens, was cast with concrete 
of the proportions of mix A. During the first two days, all six speci-
mens were kept moist within their forms. After removing the forms, 
three specimens were stored in the fog,room with a relative humidity of 
100 percent, and three specimens were stored in the cl imate-controlled 
room at a relative humidity of 50 percent. 
In addition to this series, another series of six specimens 
(SAOS-12) was cast with the same concrete proportions as series SAOS-13. 
However, the specimens were cured in the usual manner described above. 
At an age of eight days, the specimens of both series were tested. 
The results are plotted in the form of bond-51 ip relationships 
In Fig. The normally cured specimens and those stored in the fog 
room (moist cured) yielded similar results. However, the specimens 
stored at a relative humidity of 50 percent (dry cured) developed a 
,significantly higher bond strength although the strength of the dry 
cured concrete was only insignifica~tly larger than that of the normal 
and moist cured specimens. 
In order to confirm this variation of bond strength with 
curing conditions, two other series of tests were carried out: one 
with 7/16-in. strand (SB1S-4) and one with the center wire of this 
strand (WB1S-2). Both series were cast from the same batch of concrete, 
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which was proportioned according to mix B. Each series included six 
specimens. Three specimens were dry cured, and three specimens were 
moist cured. The curing conditions were identical to those of series 
SA08-13. However~ instead of testing the specimens at an age of eight 
days, the tests were performed after 18 days in order to extend the 
influence of the two different methods of curing. 
The deformations of the concrete caused by shrinkage and 
swe 11 i ng were measured from the time t,he forms were removed unt il the 
day of testing. The deformation was measured with an 8-in. Berry gage 
along four lines located on two opposite faces of the concrete prism 
(Fig. 6.9). The average results, obtained from six spe~imens for 
each type of curing, indicate that the moist cured specimens developed 
a swell ing strain of approximately 5 x 10~5 (of the same magnitude as 
the reliabil ity of the measurements)~ and the dry cured specimens a 
shrinkage strain of roughly 26 x 10-~ Both changes in strain relate 
to the state of the concrete two days after casting. 
,.The bond-s1 ip relationships of series WB18-2 and SB18-4 
(Fig. 6.10) demonstrate that dry curing of the concrete resulted in 
significantly higher bond strengths than moist curing, especially at 
small sl ips. With increasing sl ip,'the difference between the bond 
forces developed by dry cured and moist cured specimens decreased. 
At a slip of 0.15 in., the influence of the different curing conditions 
on the bond strength of both plain wire and strand was too small to be 
measurable. 
Since the compressive strength of the concrete, determined 
with cylinders subjected to the same curing conditions as the test 
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spec i mens, was i dent i ca 1 for both types of cur i ng, the cons i"stent 
difference in bond strength may only be explained by shrinkage. It 
should be noted that the swell ing measured in the moist cured specimens 
does not indicate absence of stresses due to early shrinkage in the 
first two days. 
6.5 Effect of Age of Concrete on Bond of Plain Wire and Strand 
It was not intended to investigate in this program the influence 
of the concrete age on bond on a broad'scale. In order to perform such 
an investigatio~ properly, a large number of specimens, cast preferably 
from one batch of concrete, would be necessary. Sets of tests would 
have to be conducted in certain intervals of weeks, months and years. 
Taking into account different storage conditions, this investigation 
would be a program in itself. Nevertheless, the tests carried out in 
the executed program at different ages of the concrete provided some 
valuable data concerning the effect of age on bond. 
The age of the concrete at which tests were usually performed 
was eight or nine days. The preparation and test procedure for speci-
mens being sUbjected to lateral pressure required a longer period of 
time to conduct one test series. Therefore, the age at which those 
specimens were tested varied from 15 to 24 days. One series was tested 
at an age of 66 days. 
Bond-s1 ip relationships of specimens with plain center wire 
of 7/16-ine strand tested at different ages are compared in Fig. 6.11 G 
The curing conditions and the mix proportions of the specimens compared 
with one another were identical. The initial bond stress of specimens 
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cast with mix A and tested at ages' of 8 and 16 days were almost identical. 
With increasing sl ip the 8-day old concrete, although having a lower 
compressive strength, provided better bond resistance. The 66 ... day. 
old specimens cast with concrete of mix B developed initial bond 
stresses almost 30 percent higher than comparable 8-day old specimens. 
It should be pointed out, however, that the average results were based 
on only three individual tests. 
More test results were available for 7/16-in. strand. Average 
bond-s1 ip relationships obtained at an age of 8-9, 15, and 22-23 days 
are shown in Fig. 6.12. The averages were formed from the tests of 
series SA09-1 through SA08-14, 1 isted in Table 8.1 (with the except ion 
of SA08-13), and the series SAP15-1, SAP22-2, SAP23-.3 (Table 8.3). 
Although the statistical weight of the test groups varied significantly 
because of the different number of tests available, a consiste~t 
influence of the concrete age on the bond strength may be observed 
from those results. 
The tendency of the bond strength to increase with the age of 
the concrete was confirmed by the test results of series SAL12 ... 1 which 
was conducted to study the influence of sustained loading on bond 
(F i g .. 6 .. 13).. As part of th is invest i gat ion, three spec imens were 
tested at an age of 12 days, and three specimens, cast with the same 
batch of concrete, at an age of 129 days.. The concrete strength 
increased during this time period by approximately 1100 psi. Accord-
ing to the r~sults, described in Section 6.2 this would cal] for.an 
approximately eight-percent ;ncrease of the initial bond strength .. 
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The initial bond strength of the 129-day old specimens increased 
however by as much as 55 percent. At a slip of 0.01 in., this 
difference was reduced to 12 percent, and at a slip of 0.1 in .. to 
approximately 3 percent. 
Similar test data were obtained from series SALll-2 and 
SBL12-1. Three specimens of each series were tested at ages of 11 
(SALll -2) and 12 (SBL12-1) days. Three specimens, cast from the 
original batch, were tested at ages of,451 (SALll-2) and 446 (SBL12-1) 
days. The average bond-s1 ip relationships are shown in Fig. 6.14. 
In contrast to the results of series SAL12-1, the initial 
bond strength of the specimens of series SALll-2 and SBL12-1 did not 
increase after the period of approximately 15 months. The average 
bond strength at large slips, however, was found to have increased 
by approximately 65 and 30 percent. The increase of the concrete 
strength during that period was practically negl igible. 
The test results represented in Fig. 6.12 through 6.14 
summarized in Fig. 6.15 seem to indicate different trends for the bond 
strength versus the age of the concrete at different sl ips. The initial 
,bond strength appeared to reach a peak value at a concrete age of approxi-
mately 20 to 50 days. Beyond this ~eak, the initial bond strength seemed 
to decrease gradually with increasing age of the concrete. 
The bond strength at large sl ips appeared to increase 
steadily with the age of the concrete. 
Because of the few test data available and the inconsistent 
results at large sl ips (Fig. 6.15), the above trends are not confirmed 
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reliably enough to draw definite conclusions. It appears t~at the 
variation of the bond strength with the age of the concrete is 
attributable primarily to a variation of contact stresses between 
the strand and the concrete due to lateral shrinkage of the concrete 
prism (see Chapters 9 and 14). The increase of the concrete strength 
during the time periods investigated contributed only a neg1 igibly 
small amount to the increase in bond strength. 
Peattie and Pope (1956), who, studied the effect of the age 
of concrete on the bond resistance of plain bars within the ~irst 28 
days of age, came to the conclusion that shrinkage of the, concrete 
closely adjacent to the steel was the primary reason for'bond. It 
was found in their torque - and pull-out tests that the maximum bond 
capacity was reached within a period of 3 to 14 days. The fact that 
the maximum bond strength was developed in such a short time while 
shrinkage continued appreciably up to ages of one,to two months, was 
explained by the exothermic process of hardening of the concrete. The 
higher temperatures developed in the interior of the specimen, immediately 
around the steel, accelerated the contraction of the concrete. From the 
,tests described in this investigation, it may be concluded that a longer 
period of time is needed to develop'the maximum bond capacity. 
6.6 Concluding Remarks 
On the basis of a relatively large number of tests, it has 
been shown that the concrete strength had relatively little influence 
on bond of plain wire and strand. Although'the ideal condition of 
separating the effect of the concrete strength on bond could not be 
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fully achieved, test results indicated that, on the average, the bond 
strength of plain wire increased by approximately four percent for 
every 1000 psi of additional concrete strength. For strand, the 
increase was approximately ten percent. 
The primary source of bond was found to be shrinkage. This 
has been confirmed by tests in which the cOhsistency and the curing 
conditions of the concrete were varied, while the strength of the 
concrete was being kept constant. Tests used to study the effect of 
the age of the concrete indicated the same results. Therefore, 
bond strength is sensitive primarily to all variables that affect 
shrinkage, and only secondarily to the strength of the concrete •. 
70 EFFECT OF SETTLEMENT 
Settlement of fresh concrete is caused mainly by a segregation 
of aggregates and water due to differences in their specific gravi-
ties0 The sol idparts of the mix tend to sink to the bottom while the 
water tends to rise to the top surface of the concrete. The latter 
process is referred to as "bleeding. 11 An additional volume change, 
which'is caused by hydration of the cement and which may be described 
as "chemical shrinkage ll , adds to the amount of settlement during the 
very early stages of hardening of the concrete. 
If reinforcing bars are held rigidly by the formwork while 
the settlement of concrete takes place, the steel and the concrete 
may lose contact on that side of the reinforcement where the settle-
ment is directed away from the steel. Furthermore, the concrete in 
the immediate vicinity of the steel 'may be of porous qual ity because 
-----------------e-f-w-a-t-e-F--anc:J--a-i-r-Q-uQb-les--,-wh-i-ch--r:-i:Sa-d.ut:-iJl-g---vjj)_La_tLo[L __ and_m~Ly_g.e_t __ 
trapped under the reinforcement. The reduced area and qual ity of 
contact between steel and concrete must result in a reduction in 
bond strength" 
The amount of settlement depends on many variables, such 
as the cement and water content of the concrete mix, the surface 
characteristics of cement and aggregates, the kind and energy of vi-
bration, the type and surface of the formwork, the width of the 
specimen, and, of course, on the thickness of t.he concrete layer that 
settles. It was beyond the scope of this investigation to study the 
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effect of all those variables w~th respect to bond of strand. 
However, two series of tests were carried out to demonstrate the 
magnitude of the effect of settlement on bond strength. 
Series SA09-15 and SA09-16, with a total of 30 individual 
tests, were conducted to study the influence of the concrete depth 
on bond of strand. The concrete strength was 5370 psi for SA09-15 
and 5150 psi for SA09-16. The slump was 1.5 in. in both series. In 
the form, the strand was supported i~ a horizontal position. The 
'cross section vertical to the direction of pouring was constant for 
all spec i mens: 4 by 9 in.. The dept h of the concrete be 1 ow the 
center of the strand was varied (2, 6, 10, 15, and 30 in.). The 
thickness of the concrete above the center of the strand remained 
two in .. for all specimens. The forms were made of o'il-treated 
plywood .. 
The compaction of the concrete was accompl ished with an 
internal vibrator. For two types of specimens of series SA09-15 
(with depths of 15 and 30 in. below the strand), the concrete was 
vibrated in two stages: the form was filled halfway, vibrated, 
filled to the top, and vibrated again. One type of specimen in 
series SA09-15 (with a depth of 10 'in. below the strand) was not 
vibrated. All others were vibrated in one stage. 
The average bond-s1 ip relationships of both test series 
(Fig. 7.1) demonstrated the sensitivity of bond to the depth of 
concrete under the strand. Specimens with concrete depths of two 
in. below the strand developed the highest bond force throughout 
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the entire range of sl ip. With increasing depth, the bond strength 
decreased rapidly. However, for depths greater than ten in., the bond 
force appeared to approach a constant value. 
The minimum concrete cover for strand in prestressed concrete 
ranges from 0.75 to 2 in., depending on the type of structure and the 
conditions of the environment. Therefore, a concrete depth of two in. 
under the strand may be considered as the optimum bond condition for 
horizontal strand. In Fig. 7.2, the average bond forces, developed 
with specimens of different depths at a certain sl ip, were expressed 
as percentages of the average bond force that was obtained with a 
depth of two in. The results are indicated separately for series 
SA09-15 and SA09-16. In addition, average values were plotted using 
the results of both test series, since the concrete properties and 
the test conditions were nearly identical. 
With concrete depths equal to or larger than ten in., the 
bond strength dropped to values of 60 percent of the maximum bond 
strength, depending on the sl ip. Even at the relatively shallow depth 
of six in., the measured· bond strength in series SA09-16 was as low as 
65 percent of the bond force for a depth of two in. below the strand. 
The bond strength may drop even further, if the vibration of the 
concrete is executed carelessly or omitted completely. This is 
. indicated by the results of series SA09-l5. The bond strength 
developed by the specimens that were not vibrated at all was 
approximately 30 percent lower than if the specimens had been 
vibrated. 
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pressures are 1 isted for each test series in Table 8.30 It should be 
ment ioned here that several specimens, which are not included in Table 
8.3, had to be discarded because there was either too much leakage 
before the desired lateral pressure could be reached, or the concrete 
specimen broke when a pressure exceeding 2500 psi had been appl ied. 
B02 Influence of Test Procedure on Results 
The procedure of building the test specimens into the pressure 
apparatus by pounding in lead seals, as described in Section A.7, was 
suspected to have some influence on bond of strand or wire. Therefore, 
two specimens with 7/16-in. strand were built into the pressure appara-
tus and tested without lateral pressure. The results were compared with 
test data of two specimens of the same series (SAOB-14) which were tested 
without the pressure apparatus. The bond-s1 ip relationships of the four 
tests (Fig. B.1) indicated that the lead-packing procedure had no apparent 
influence on bond. 
B.3 Limits to the Appl ication of Lateral Pressure 
The maximum pr~ssure applied in the tests was 2500 psi. This 
1 imit was set by the fact that the concrete prisms, which had cylinder 
strengths rang~ng from 5300 psi to B700 psi broke at lateral pressures 
exceeding 2500. It was possible to apply a lateral pressure of 3000 
psi in several tests and to keep this pressure constant, however, the 
concrete prism broke each time shortly after a small pull-out force 
had been appl ied to the strand or wire. The failure was caused by 
cracking of the concrete near the middle of the specimen in a plane 
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perpendicular to the direction of the pull-out force. Because of the 
high lateral pressure, the seal (shim steel) covering the concrete 
specimen was punched through along the crack permitting oil to leak 
through the concrete and wedge the prism apart. In several tests, 
which had been performed under a constant pressure of 1000 or 2000 
psi, the pressure was increased after a ~1 ip of 0.15 in. had developed. 
The failure occurred in the same manner as described above at pressures 
ranging from 3000 to 4200 psi, unless .excessive leakage ended the test .. 
Transverse cracking at approximately one third to nearly one 
half of the uniaxial compressive strength of the concrete was consis-
tent with major longitudinal cracking observed in uniaxially loaded 
cylinders at roughly 70 percent of the ultimate load. Presumably, the 
transverse strain in the biaxial1y stressed prisms was twice as large 
as the strain developed by uniaxially loaded specimens. 
The above results were confirmed by an investigation of the 
mu 1 t i ax i a 1 st rengt h of concret·e conducted by Fumaga 1 1 i (1965). It 
was reported that concrete prisms subjected directly to hydraul ic 
pressure without having ~ seal between the concrete and the pressure 
fluid developed an average biaxial compressive strength of 0.36 times 
the uniaxial strength of concrete. The failure loads found above were 
a little hlgher than those reported by Fumagall i. Reasons for this dis-
crepancy were the shim steel seal used in the described investigation, 
and possibly a small longitudinal restraint caused by the end seals 
between the pressure chamber and the concrete prism. 
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The lack of reaching pressures exceeding 2500 pst did not 
pose a serious impediment to the investigation. The trend of the 
effect of lateral pressures was indicated well enough by tests obtained 
with lateral pressures up to 2500 psi a 
8.4 Effect of Lateral Pressure on Bond of Plain Wire 
Three series of tests were conducted to investigate the 
influence of lateral pressure on bond of plain wire: series WAP15-1 
and WAP17-2 with concrete strengths of approximately 6100 psi, and 
series WBP66-1 with a concrete strength of 8200 psi. The individual 
bond-s1 ip relationships are shown in Fig. B.43 through B.45. Since 
the concrete properties and the age of the concrete of series WAP15-1 
and WAP'17-2 were comparable, the results of both series were averaged 
for demonstrating the trends observed. 
The average bond stress-s1 ip relationships, as shown in 
Fig. 8.2 and 8.3, indicate that the shape of the bond-s1 ip curves for 
plain bars was not altered by varying the lateral pressure. The lateral 
pressure, however, had a significant influence on the magnitude of the 
bond strength. Any increase of lateral pressure raised the bond stress 
by an amount approximately proportional to the lateral pressure. 
Figure 8.4 shows the initial bond stresses found in individual 
tests as functions of the appl ied lateral pressure. The initial bond 
stress corresponds to the maximum bond force measured at a sl ip of 
approximately 0.0001 in. For specimens with plain wire, this was 
identical to the maximum bond stress obtained in the testa The 
following may be gleaned from Fig. 8.4; 
~-
(a) The initial bond stress increased in direct proportion 
to the appl ied lateral pressure for both concrete strengthso 
(b) The results are clearly separated for the two concrete 
strengths at lateral pressures of zero and 1000 psi e At a lateral 
pressure of 2000 psi, this separation is not as distinct because two 
results obtained with the lower-strength ~oncrete turned out to be 
as high as the results of the higher-str~ngth concrete. Despite those 
two results it appeared that the concrete properties had a measurable 
effect on the bond strength of plain wire. It should be noted however, 
that the difference was presumably not caused so much by the strength, 
but rather by the age of the concrete, or more precisely by the different 
amount of shrinkage, as pointed out in Chapter 4 and 6. 
8.5 Effect of Lateral Pressure on Bond of Strand 
Two prel iminary test series (SAP15-1 and SAP22-2) with one or 
two pressure tests only, and two main series (SAP23-3 and SBP24-1) with 
eight pressure tests each, were carried out using 7/16-inu strand to 
study the influence of lateral pressure on bond. The results, plotted 
in the form of unit bond force-s1 ip relationships, are shown in Fig. 
8.5 through 8.7. 
Common to all four test series was the significant increase 
of the maximum bond force with increasing lateral pressure. The maxi-
mum bond strength for externally appl ied lateral pressures equal to or 
exceeding 1000 psi seemed to be reached at s) ip values ranging from 
0.0003 to 0.0007 in. In contrast to the bond strength developed by 
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tests without lateral pressure, which tended to increase with increasing 
sl ip, the bond strength of specimens subjected to lateral pressures 
dropped immediately after reaching the maximum bond force. The drop 
became larger the higher the appl ied lateral pressure was. 
In Fig. 8.8, the maximum bond force of every individual 
test was plotted versus the lateral pressure. It appears from the 
plotted data that: 
(a) the maximum bond strength of strand was 1 inearly propor-
tional to the externally appl led lateral pressure, and 
(b) the concrete strength appeared to have no significant 
influence on the maximum bond strength of strand within the test range 
of roughly 5000 to 9000 psi. The conditions of shri'nkage were approxi-
mately the same for all test specimens. 
8.6 Effect of Increas(ng Lateral Pressure on Bond of Plain Wire and 
Strand at 51 ips Larger than 0.15 in. 
The pull-out tests reported so far were performed under a 
constant lateral pressure, and were usually discontinued when the strand 
or wire had 51 ipped by an amount of 0.15 in. A variation of the test 
procedure was used in some of the tests. At a 51 ip of 0.15 in., the 
test was continued by raising the lateral pieSsure, 
constant until then, by 500 psi. After keeping the pressure constant 
at the new level for approximately 30 seconds, the pressure was raised 
by another SOD psi. This step-by-step increase of lateral pressure was 
continued until either the concrete prism broke or the leakage of oil 
became excessivee 
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To illustrate the test procedure, two typical force-time 
relationships, as recorded by the plotter of the testing machine, are 
shown in Fig. 8.9 for plain center wire and for strand. Neither of the 
two relations are plotted to scale. The testing machine was operated 
in such a manner that the moving head of the machine travelled at a 
constant speed of 0.05 in./min. throughout the whole test. 
Initially, the load increased without measurable sl ip until 
reaching point A. This point represents the initial bond force. The 
rate at which the pull-out force increased was relatively low at the 
beginning of the test. This indicated the tightening of.the end 
anchorage and the joints of the test setup. At point A, the load 
dropped suddenly to a value far below the initial bond force. From 
this point on, the force decreased gradually for plain wire until it 
reached point B. In tests with strand, the force increased steadily 
after the abrupt drop at A. In the range between points A and B, the 
force and the sl ip ceased being smooth functions of the time. The slip 
of the strand or wire in this region may be described most fittingly 
as stick-slip motion, a term which is understood without further ex-
planation by looking at the alternating build-up and drop of the bond 
force indicated in Fig. 8.9. 
At point B, a sl ip of 0.15 in. was developed. Instead of 
ending the test at B, the lateral pressure was raised by 500 psi (e.g. 
from 1000 psi to 1500 psi in Fig. 8.9). The bond force responded 
immediately to the appl ied pressure and increased to P2" After reaching 
the new maximum, P2' the bond force dropped a 1 ittle, and a stick-s1 ip 
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type of motion started againe Another increase of the lateral pressure 
by 500 psi raised the bond force to P3 and so forth, until at point C 
the test was terminated by leakage, or failure of the concrete prism. 
It was a characteristic feature of the tests that, for plain wire, the 
bond force in the stick-s1 ip region tended to decrease at all lGvels 
of lateral pressure, while it tended to increase for strand. 
Untrauer and Henry (1965) investigated the influence of normal 
pressure (ranging from 0 to 2370 psi) on bond of The bond 
strength was found to increase in proportion to the square root of the 
normal pressure in contrast to the 1 inear relationship indicated by the 
tests reported here. However, the stress conditions in the tests and 
the steel specimens were not directly comparable. The test specimens 
used by Untrauer and Henry consisted of 6-in. concrete cubes with the 
deformed bar (#6 or #9) embedded in the center over the whole length 
of the specimen. The lateral pressure was appl ied to two parallel 
faces of the bond specimen using spherically seated bearing plates. It 
should be noted that this loading system was basically uniaxial as 
compared to the biaxial system described in this report. However, 
,because of the frictional restraint between the concrete specimen and 
the loading plates, the state of normal pressure' was probably not uniaxial = 
9. EFFECT OF TIME 
981 Introductory Remarks 
The standard pull-out tests were performed within a short 
period of time (approximately 5 to 10 minutes) while the concrete was 
still relatively young (8 to 24 days). In order to study the influence 
of time, three series of tests were made to investigate two effects: 
(1) the age of the concrete at the time of the test 
(2) sustained loading 
Both effects were studied using 7/16-in. strand. The effect of the age 
of the concrete was discussed in Section 6.5. The effect of sustained 
loading will be discussed in the following section. 
9.2 Effect of Sustained Load on Bond 
The basic pull-out specimen described in Section A.3 was 
used to investigate the bond properties of strand under sustained load. 
The test setup developed for sustained loading is shown in Fig. A.7. 
The pull-out specimen with a bonded length of one in. was loaded using 
a cantilever system. The trail-end sl ip of the strand versus the 
\ 
concrete was measured with a O.OOOl-in. dial indicator. The appl ied 
load which could be varied either ~y changing the weight or the length. 
of the lever arm could be determined with an accuracy of plus or minus. 
20 lb. 
The test procedure 'was as follows: Three short-time pull-out 
tests were conducted on identical specimens. The average initial bond 
force (at a sl ip of 0.0001 in.) was determined from the data obtained. 
The long-time test specimens, cast from the same batch, were then loaded 
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to different percentages of the initial bond force determined from 
the first three specimens. This load was kept constant throughout 
the duration of the test. The sl ip was measured continually. 
The first of the three test series, SAL12-1, was a pilot 
seriese The tests were discontinued after a period of four months. 
The specimens of series SALll-2 and SBL12-1" were observed over a period 
of 15 months .. 
Figure 6.13 shows the average unit bond force-s1 ip relation-
ship for the three specimens of series SAL12-1 tested at an age of 12 
days to determine the IIshort-time" bond characteristics. The concrete 
cylinder strength was 6000 psi e Based on the initial bond strength of 
these specime~s, loads ranging from 60 to 115 percent of the initial 
short-time load were appl ied to ten long-time specimens. 
The sl ip-time relationships are plotted for all ten specimens 
of s e r i e s SA L 1 2 ... 1 i n Fig.. 9. 1. Some of the r e 1 at ion s hip sin d i ca tea 
IInegative" slip .. This was caused by the method of evaluating the slip 
measurements. In the pilot series SAL12-1, the slip was measured with 
a dial indicator mounted ~n top of the concrete prism, as shown in 
Fig. A.8. Since the dial readings included the shrinkage deformation 
of the upper half of the concrete specimen, the"shrinkage deformation 
had to be subtracted from the liS 1 i p measurements. II Shr i nkage deforma-
tions were measured on three specimens of series SAL12-1 as indicated 
° F O 9 2 SOlnce the order of magnitude of the time-dependent sl ip In J g • •• 
was comparable with the scatter of the shrinkage deformations, this 
procedure 1 ed to I Inegat i ve s 1 ips I lin some cases e 
For the two test ser ies, SAL 11 ... 2 and SBL 12-1, another test 
setup was used to e1 iminate the effect of shrinkage deformations 
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on sl ip measurements. The dial indicator was clamped with a frame to 
the concrete in the middle of the specimen (Fig. A.7). Thus, the dial 
recorded the sl ip of the strand, bonded only in the center of the 
specimen, versus the concrete at the same level. 
The data in Fig. 9.1 indicate that specimens loaded to 
approximately 100 percent of their initial bond strength did not sl ip 
significantly within the time period of observation. The two specimens 
loaded to 110 and 115 percent of the i,nitial bond strength developed 
a significant slip with timeo The specimen loaded to 110 percent 
developed a sl ip of 0.0008 in. after three days, 0.0015 in. after 
three weeks, 0.0052 in. after eight weeks, and failed completely 
imnediately thereafter. The specimen loaded to 115 percent developed 
a sl ip of 0.003 in. after three days, 0.015 in. after three weeks, and 
0 .. 21 in .. after eight weeks. 
Test series SAL11-2 and, SBL12-1 consisted of five specimens 
each .. At the time the specimefls were loaded, at ages of 11 and 12 
days, the concrete strength was 6500 and 8700 psi, respectively. 
Average bond force-slip relationships obtained from three short-tlme 
, t est s of e a c h s e r i e s are shown i n Fig. 6. 14 • 
The sl ip-time relationships developed by the specimens of 
series SALil-2 and SBLi2-1 are presented in Fig. 9.3 and 9.4. The 
sl ip was plotted to a logarithmic scale in order to be able to show 
the total sl ip of all specimens. One test of series SBL12-1 with a 
load of 105 percent of the initial bond strength was discontinued after 
a period of ten weeks when the test setup was disturbed. 
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The logarithmic plots may give a false impression of the 
act u a 1 s 1 i p - time reI at ion s, e s pe cia 1 1 yin s e r i e s S B L 1 2 - 1. Tog eta 
better perspective, the s1 ip of the three specimens of series SAL11-2 
and SBL12-1 that did not s1 ip immediately after the appl ication of the 
load by a large amount is plotted to a linear scale in Fig. 9u5 and 
9.6 .. 
The two figures (9.5 and 9.6) indicate that up to one half year 
no significant sl ip (less than 0,,001 !n .. ) developed. This Iisl ip" most 
1 ikely reflected inelastic deformations due to creep and shrinkage of 
the annular console of concrete which embraces the bonded length of 
the strand (Figo A.8). 
The following observations may be made concerning the three 
series of sustained load tests: 
(1) The initial bond strength is sensitive to time (Fig .. 
9.6) " 
(2) The initial bond strength may reduce with time to 80 or 
70 percent of its initial value. In view of the fact that three, 
specimens of series SALll'-2 did not slip over the whole period of ob-
servation lasting 15 months although they were loaded from 80 to 90 
percent of the initial bond strength, the assumed reduction may be 
considered as conservative. It should be noted, however, that the 
sensitivity of the initial bond strength to time depends on the type 
of concrete .. 
(3) The reduction of the initial bond strength may occur a 
considerable time after the appl ication of the sustained load .. In case 
of series SBL12-1, the reduction took place after a period of approximately 
one ha 1 f yea r • ; 
I 
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(4) The concrete immediately surrounding the bonded length 
of strand in the specimens of series SBL12-1 was cracked to a larger 
extent than the concrete in the specimens of series SALll-2. This is 
shown wifh two-typical photographs in Fig. 9.7 and 9.8. The cracks 
were made visible by treating the concrete surface with a fluid con-
taining luminescent particles and illuminating it with ultraviolet 
1 i aht m 
- - -'. - - -
(5) Specimens which slipped immediately after the appl ication 
of the load seemed to reach a state of equil ibrium at a sl ip of 
a pp r ox i ma tel y 0 G 1 in. 
The phenomena observed above may be understood by considering 
the stress conditions existing in a cross section through the pull-out 
specimen. The concrete of the specimen will shrink with time. As a 
result, radial compressive stresses will develop at the contact between 
the concrete and the comparatively rigid strand. At the same time, cir~ 
cumferential tensile stresses will develop in the concrete. A theoretical 
distribution of such circumferential stresses based on an elast,ic solution 
(see Appendix C.3) is shown in Fig. 9.90 
It was shown in Chapter 8 that the initial bond strength 
depends on the contact pressure bet~een the strand and the concrete. 
Consequently, it must be assumed that the initial bond strength will 
increase as shrinkage progresses with time unless the circumferential 
stresses in the concrete in the immediate vicinity of the strand exceed 
the tensile strength of the concrete. In that case, radial cracks will 
deve lop and cause the normal contact stress between strand and ,concrete 
to decrease. The resulting bond strength will be less than during the 
uncracked stage. 
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The above considerations lead to the conclusion that shrinkage 
has a beneficial influence on the init ial bond strength as long as it 
does not exceed the tensile strength of the concrete Q If cracks 
develop, the majority of the favorable influence of shrinkage on bond 
will be lost. 
In the 1 ight of the foregoing explanation, the difference in 
the test results of series SAL11-2 and SBL12-1 may be understood. The 
tensile strength of the concrete was almost identical for both series 
(Table B.2), however the shrinkage strains differed by 20 to 25 percent 
(Fig. 9.10 and 9.11). It is therefore plausible that shrinkage stresses 
exceeded the tens i 1 e strength in ser i es SBL 12 ... 1 (after a per i od of one 
"half year) and led to severe cracking but did not exceed the tensile 
strength in series SAL11-2. 
Theoretically, it is very difficult to predict the time at 
which severe radial cracking will take place e Even if the shrinkage-
time relation is known for the concrete near the surface of the specimen 
(Figa 9al0 ani 9~11), the rate and amoant of shrinkage near the center 
of the specimen will be uncertain. Furthermore, the prediction of the 
stress build-up at the contact between strand and concrete due to 
shrinkage is compl icated by the fact that the stresses are continually 
reduced by creep. 
Observation (5) above seems to indicate that the bond strength 
is less sensitive to time at large slips (approximately 0.1 in.). Ap-
parently, the rate at which thebond..;.sliprelationship"increases at large 
slips (Fig. 5.1) will suffice to prevent further movement. 
lOs EFFECT OF SHAPE OF STRAND 
1 0 .. 1 I nt roductory Remar ks 
As strand moves axially with respect to the concrete in which 
it is embedded, it rotates about its own axis. If the concrete specimen 
and the point where the strand is gripped are restrained from rotation, 
a torque is generated in the strand as it sl ips. The-relation between 
the rotation of the strand in the concrete and the axial sl ip can be 
determined theoretically if the concrete is assumed to provide a 
completely rigid channel e The angle 8 through which the strand 
rotates may be expressed as 
e 360 s 
p (degrees) (10.1) 
where s = axial sl ip and p = pitch of the strand in in. The amount of 
rotation is a typical property of the size, or more accurately, the 
pitch of the strand. 
The rotation-51 ip relationships of four different strand sizes 
were measured in over 200 tests as described in Section A.6. The 
average rotation for each strand size was plotted versus the axial 
slip in Fig. 10.1. The measured data agree with the theoretical 
values .. 
The magnitude of the torsional moment that is generated in 
strand under the. cond it ions ment i oned above depends __ on the st j-ffness 
of the cross section and the pitch of the strand. The results of test 
series SA08-5 (described in Section 3.3) indicated that this torsional 
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moment has very 1 ittle influence on the bond strength of strand as 
measured in the pull-out tests. Despite the apparent insensitivity of 
bond to the torsional stiffness of strand, it was desirable for a better 
understanding of bond to study the effect of the torsional stiffness 
and th~ shape of the strand in more detail e For this purpose, tests 
with twisted square steel bars and straight ·(nontwisted) strand were 
performed. 
10.2 Tests With Twisted Square Steel Bars 
Seven-wire strand is usually manufactured with a standard 
pitch for each strand size. Because it· was desired to vary the pitch, 
strand was not suitable for this investigation. Instead, cold rolled 
solid square steel bars were chosen which were twisted on a lathe by 
different amounts as described in Section A.2.4. The bar cross section 
was 5/16 in. square. The amount of twist was expressed in terms of the 
angle a which was formed by the hel ical edges of the twisted bar and 
its axis. Pull-out tests were conducted in the same manner as with 
strand. The bonded length was one in. 
Series QB09-1 consisted of 17 pull-out tests: three concrete 
specimens contained untwisted bars, three contained bars with twist 
angles of 8 to'14 degrees, three specimens contained bars with twist 
angles of 27 to 29 degrees, and the rest contained bars with angles of 
36 to 46 degrees. The twist angles differed within each group because 
it was not possible to control the amount of twist on the lathe exactly. 
Furthermore, the angle of twist varied slightly along the length of a 
given bar for reasons stated in Section A.2.4. Although the bars were 
61 
bonded over a length of one in. only, this nonuniformity was reflected in 
the s cat t era f the i n d i v i d u a 1 t est res u 1 t s (F i g. B. 50 t h r aug h B. 51 ). 
The average bond-s1 ip relationships of series Q~09-1 are 
plotted in Fige 10.2 and 10.3. It was necessary to show the results 
in two graphs, with the slip plotted both to a linear and a logarithmic 
scale, in order to emphasize the differences at very ~ma1 1 sl ips as 
well as at large sl ips. The graphs contain two major groups of tests: 
(a) The concrete specimens ·were allowed to rotate during 
the test (a. The average results are 
represented by solid lines. 
(b) The concrete specimens were restrained from rotating 
(a = 370 , 46 0 ). The results are shown with broken lines. 
Within group (a), the initial bond force increased only 
sl ightly with the twist angle. The maximum bond force, however, was 
influenced significantly by the twist angle. After the peak force 
was reached at sl ips smaller than 0.007 ino, the load dropped suddenly 
and approached a nearly constant bond force which was 30 to 70 percent 
lower than the maximum bond force. 
Group (b) consisted of only three specimens (a = 370 , 37.50 , 
46 0 ) which displayed completely different bond-sl ip characteristics 
(Fig. 10.3). The initial bond forces at a slip of 0.0001 in. were still 
of nearly the same magnitude as that of the test specimens with comparable 
twist angles of the first group. However, while the bond forces of the 
freely rotating specimens dropped off at sl ips smaller than 0.007 in., 
the bond force of the rigidly held specimens kept rising with increasing 
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s1 ip. The maximum bond force developed by the restrained specimens 
was several times greater than the bond force of identical but freely 
rotat ing specimens. This demonstrates effectively the influence of the 
torsional stiffness on bond. Twisting of the bars, in the torsionally 
restrained case, led to increased contact pressures between the steel 
and the concrete which, in turn, improved the bond strength. In the 
unrestrained case, any build-up of horizontal restraints was prevented 
by the freely rotating concrete specimen. Therefore" the torsional 
stiffness of the bars did not affect the bond strength. 
The maximum bond force of the torsionally restrained specimens 
was approximately 3500 lb. Immediately after reaching the peak force, 
the load dropped. The bars stopped twisting and were ripped out of 
the concrete 1 ike deformed bars. This is demonstrated by the twist-slip 
relationships plotted in Fig. 10.4. Exactly at the slip values at which 
the load started to drop, the twist-s1 ip relations of the restrained 
specimens turned into horizontai i ines. This indicated that the concrete 
embedment was not rigid enough any more to enforce a further twisting 
of the steel. The crushing of the concrete keys between two ffiighboring 
'generators of the twisted bar resulted in a friction surface that was 
rough enough to cause the bond force to decrease at a relatively slow 
rate. The high amount of friction kept the twisted bar from instantly 
rotating back to its original position. A sl ight rotation with reversed 
trend is indicated however by the twist-sl ip relations in Fig. 10.4~ 
Summarizing the results of the foregoing investigation, it 
may be concluded that the torsional stiffness and the pitch are important 
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factors for the bond strength of those bars that tend to rotate when being 
subjected to bond forces. The pitch of the bar determines the relation-
ship between the axial sl ip and the amount of rotation (Eq. 10.1). 
Furthermore, for a given torsional stiffness of the bar, the pitch 
determines the magnitude of the contact pressure, and consequently the 
increase in bond strength. Vice versa, the bond strength that can be 
developed for a constant pitch is proportional to the stiffness of the 
bar until either the cross section yields or the concrete is crushed 
under the high contact pressures. 
10.3 Tests with Straight (Nontwisted) Strand 
The nature of the bond-s1 ip relation of strand differed 
significantly from that found for plain wire (Fig. B.l). Since the 
torsional stiffness of strand seemed to be too small as to affect the 
bond strength of strand to a greater extent (Section 3.3), the bond-
sl ip characteristics of strand must be influenced by the cross sectional 
shape, or the group arrangement of the wires. In order to investigate 
this effect, pull-out tests with straight, nontwisted strand were 
performed. 
The straight strand was fabricated in the laboratory by 
assembling several straight wires to a parallel bundle. Grouping of 
three or seven wires resulted in straight three- or seven-wire strand. 
The individual wires were cut from the untwisted center wire of twisted 
7/16-inv strande In order to keep the group of wires in touch during 
casting, and to assure a uniform slip of all individual wires during 
the test, the wire bundle was tack-welded approximately two in. below 
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and above the bonded length. The dimensions of the pull-out specimens 
were identical to the standard specimens. 
Series UA09-1 consisted of three specimens with straight 
seven-wire strand and two specimens with straight three-wire strando 
The average bond stresses of the straight three- and seven-wire strand 
are plotted in Fig. 10.5. The results are compared with the average 
bond-s1 ip relationship found for single center wires of strand in 
series WAOB-lo The wires tested in a ,group developed a higher initial 
bond stress than a single wire. Grouping of the wires apparently 
affected also the nature of the whole bond-slip relation. While the 
bond strength of the single wire decayed rapidly after the initial 
bond was exceeded, the bond stress of the straight strand decreased 
only sl ightly. Beyond a sl ip of approximately 0.01 to 0.03 in., the 
bond stress increased again. 
In Fig. 10.6, the unit bond force-slip relations of the 
straight strands are compared with the average unit bond force-51 ip 
relation of regular 7/16-in. strand. The initial bond forces of the 
seven-wire strands were almost identical. The shape of the bond-s1 ip 
,relations was comparable throughout the whole range of slip. The unit 
bond force of the straight three-wire strand, of course, was less than 
that of the seven-wire strand because of the difference in the bonded 
area. 
A comparison of the characteristic shapes of unit bond force-
sl ip relationships for regular strand, straight strand, and plain wire 
is presented in Fig. 10.7. 
110 ON THE NATURE OF BOND BETWEEN STEEL AND CONCRETE 
11 e 1 Genera 1 Concept of Bond 
Bond between steel and concrete has been investigated for 
almost a century, yet the understanding of its nature is still incomplete. 
The difficulty in developing a clear concept of bond derives from the 
fact that the sources of bond are of a microscopic nature. Although, 
as practice shows, it is not absol.utely necessary to understand the 
nature of bond in order to arrive at ~ satisfactory design with the aid 
of relevant bond tests, a thorough knowledge of the sources of bond 
would help reduce the amount of required testing and make it possible to 
predict and understand the influence of variables to which bond is most 
sens it ive. 
The following hypothesis for the nature of bond was arrived 
at mainly on the basis of experiments and theories which were reported, 
especially in the past few years; in the 1 iterature about friction 
(Bowden, 1964; Kraghelski i, 1965; Rabinowicz, 1965). In order to explain 
the mechanism of bond, two basic types of contact between two sol id 
materials shall be discussed: 
(a) When two sol id materials are placed in contact, they 
will touch each other only at certa'in points, no matter how smooth the 
surfaces of contact may appear (Fig. 11 ala). The individual area at 
which actualmaterial-to-material contact exists is commonly called the 
junction. The summed area of the junctions is generally very small 
compared with the apparent area of contact. If a force perpendicular 
to the plane of contact exists, and one body is moved with respect to 
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the other one, parallel to the plane of contact, a force is required to 
overcome a certain resistance to motion. This resistance is known as 
-Jr-i.c.t-Lor:L .... --I t-is-de ter-mj.n ed_by_. t.be.-sh e.a.r ... sL.r.ength. __ Ln_.t.h e __ j_unc tJ.ons. ,__ 
i.e. the real areas of contact. If the friction force is exceeded, 
shearing may take place either through the junctions, or if one material 
has less shear strength than the junction itself, thematerial may 
shear close to the junction. The friction force remains approximately 
constant as sl iding progresses because a new set of junctions is formed 
immediately after the destruction of an existing set. 
A finite area of contact in the junctions is formed only if a 
lateral force presses the two materials together. Because of the small 
area of contact, it may be assumed that the stresses in the junctions 
are so high, even at extremely small lateral forces, that the material 
near the junctions yields. Assuming furthermore that the y1eld stress 
of the material remains approximately constant, it may be derived that 
the real area of contact increases in direct proportion tD the lateral 
force. Consequently, the friction for~e, which depends on the actual 
shear area, is a 1 inear function of the lateral force. This approach 
. assumes that the unit shear strength of the junctions is not enhanced 
by the confining effect of the normal force. 
(b) When a sol id mater ial, 1 ike steel, is cast into a 
viscous material that hardens after some time, 1 ike concrete, the 
contact between the two materials is, in contrast to the above condition, 
cont inuous (Fig. 11. lb). The two mater ials are sol idly interlocked with 
one another. If in this case a force parallel to the plane of contact 
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is appl ied to one of the bodies while the other one is fixed, the material 
with the smaller shear strength shears off through a plane determined 
------------- -ap F>F0X imat e-1 y-by-t-he--peak s---of--t hesur-Ea ce-_oL ___ the_s_t CDUg_8C_mat_ex_LaJ_e _____ _ 
Because the area of contact between the two materials is independent 
of the lateral force, no contact pressure is required to provide an 
initial resistance to sliding. 
Since the conditions of contact differ from those described 
in case (a), the phenomenon of the in1tial shear failure of the inter-
locks should be distinguished from the phenomenon of friction. The 
two cases described differ basically only in the initial stage of 
sliding, because after the shear keys have failed in case (b), a 
system of two sol id bodies sl iding on one another is generated. The 
contact is establ ished by junctions formed by the rough edges of the 
failure surfaces o This means that a true case of friction is obtained. 
The mechanism of bond between steel and concrete may be said 
to consist of two ?rincipal phases: an initial interlocking phase, as 
described in case (b), and a frictional sl iding phase, as described in 
case (a)o The initial shear failure will take place in a plane through 
the tips of the steel keys because the shear strength of concrete, or 
rather cement paste, is lower than that of steel. Since it may be 
assumed that after the failure the indentations in the surface of 
the steel are still filled with concrete, or cement paste, the new 
system of contact consists mainly of concrete 51 iding on concrete 
(Fig. 11 .lc) which becomes a problem of friction. 
After the initial shear failure of the interlocking concrete 
keys, the contact surface is relatively rough. Further 51 iding leads 
68 
to a process of abrasion of the concrete surfaces by which loose wear 
particles are formed between the two sol id concrete layers. The amount 
of abrasion increases with the distance of sl iding$ It may be assumed, 
therefore, that after some sl ip a thin layer of loose wear particles has 
formed between the sl iding surfaces (Fig .. 11.1d) 
In the following sections the above concept will be investigated 
in detail and each phase of bond will be studied in relation to the 
results of the bond tests. 
11.2 Surface Roughness of Steel 
The surface of an apparently Ilplain" bar, produced either by 
roll ing, drawing, or even machining, is marred by a complex of micro-
scopic deformations. Rehm (1961) measured the indentations on the 
surface of various reinforcing steels with a profile meter, an apparatus 
that records the vertical movements of a fine needle while it is trans-
versing the surface. The radius of the tip of the needle used was 0.001 
in. Therefore, only indentationswith openings larger than 0.002 in. 
could be recorded. 
The measured surface profile of cold drawn wire showed 
indentations with a maximum depth of. approximately 0.0008 in. (Fig. 0.1). 
Rehm reported that numerous surface measurements indicated that the depth-
to-width ratio of the indentations remained roughly constant. This 
ratio measured for cold dr~wn wire was, according to the profiles 
reported by Rehm,- approximately 1 :10 to 1 :15 .. 
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11$3 Interlocking Between Steel and Concrete 
After showing that the steel surface of prestressing wire is 
relatively rough despite its smooth appearance, it is not difficult to 
imagine that a firm physical interlocking takes place between the 
steel and the initially semil iquid, later hardening concrete. 
An investigation by Martin (1967) indicated-that the inter-
locking is of a much more complex nature than that produced merely by 
the physical roughness of the steel surface. Martin presented a theory, 
based mainly on pictures taken with an electron microscope of the 
contact surface between steel and cement mortar, which assumes that 
water together with dissolved calcium-hydroxide and other dissolved 
substances of the fresh cement paste penetrate the complete oxide layer 
of the steel. The oxide layer, which covers every steel surface after 
being exposed to air for a short time, is so porous and coarse in its 
structure that penetration is very easy. The penetration is most 
probably a simple diffusion. Silicon and calcium do not only move 
through the oxide layer b~t are built into the surface of the metallic 
iron. The movement of the dissolved components of the cement through 
- the oxide layers leads to various types of reactions. Adsorptions 
along boundary surfaces, recrystal1 izations in intermediate layers, 
* and epitaxies at the pure metal result in an extremely interlocked 
structure between steel and cement. 
~ 
AEpitaxy: oriented growth of one crystall ine substance on a substrate 
of a different crystalline substance. 
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According to Martin, the interlocking of steel and concrete 
is not only of a physical but also of a strong chemical nature. Because 
of this intense interlocking it should be expected that a certain bond 
force can be appl ied to a plain wire embedded in concrete before measur-
ing any sl ip. The typical characteristic of the measured bond-s1 ip 
relationships of plain center wires of 7/l6-in. strand was indeed such 
that the bond force increased initially without measurable sl ip (Fig. 
11.2)0 After developing a bond stress' in the order of 300 to 400 psi 
(appl ied lateral pressure = 0), the bond force dropped suddenly. At 
the same time, a large s1 ip took place. This abrupt change in bond force 
suggests that the interlocking structure failed at that point and that 
the bond force developed from then on was a matter of sliding friction. 
For the following discussion of the initial shear failure, 
the simple conceptual model of a physical interlocking between steel 
and concrete will suffice. The test results of Fig. 8.2 and 8.3 indicate 
that the initial bond strength '(i .e., the bond strength at which shearing 
of the interlocking structure takes pl~ce) increases with the magnitude 
of the lateral confining pressure. The relationship appears to be 1 inear 
'(Fig. 804). It follows that the shear strength of the concrete keys 
interlocked with the indentations of the steel surface is affected by 
the lateral pressure. 
A simple calculation will confirm the trend observed in the 
tests. A simpl ified cross section through a concrete-steel interlock-
ing at the microscopic level is shown in Fig. 11.3a. It may be assumed 
that the concrete shears through a plane as indicated in the figure. 
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An element in the region of the shear failure is subjected to a known 
normal stress IT , an unknown normal stress IT , and an unknown shear y x 
stress T (Fig.ll.3b). Since the magnitude of both IT and T is 
xy x xy 
unknown, let IT be a certain portion of T , i.e. IT = CT Also 
x xy x xy 
assume that the shear failure occurs when the principal tension in the 
elementexc.eeds the tensile strength of the concrete.' Thus, 
CT + IT 
f t = -x ..... y~2-Y'- / 
ICT IT)2 
+ ~ \ xX 2 YI + '[ 2 xy (11 Q 1 ) 
where ITr = principal tensile stress and f t = tensile strength of concrete. 
For the shear stress '[ the following expression is obtained 
xy' 
T 
xy 
cCCYy - ftl - J c 2CCYy - ftl2 - 4 ftCCYy - ftl' 
2 
(1102) 
By assuming a value for the tensile strength of the concrete, 
the shear stress may now be plotted as a function of the lateral stress 
a for various ratios of c. Figure 11.4 shows that the shear stress 
y 
increases with the lateral pressure. The relationship becomes more and 
more linear as the vaiue of c increases. 
An analysis based on a finite-element method was used to 
determine the stress distribution in a concrete key of an assumed 
rectangular shape (see Appendix D). The results indicated that the 
ratio c was approximately 0.5 (Fig. DeS through D.7). For a ratio of 
c = 0.5 the relationship between shear stress and lateral pressure 
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(Fig. 11.4) was found to be approximately 1 inear. Thus, the trend 
indicated by the simplified calculation agrees fairly well with the 
trend observed in the tests" 
The magnitude of the shear stresses found by calculation 
cannot be compared with the measured bond stresses. It was pointed 
out in Section 11.2 that the indentations on -the surface of the steel 
may have a width-to-depth ratio of approximately 10:1 to 15:1. Accord-
ing to the results of the analysis, th~ stress transfer from the ste~l 
to the concrete is confined approximately to the upper third or upper 
fifth of the concrete key (Fig. 0.5 through" 0.7). The failure condition 
assumed in the calculation will be reached in that portion therefore 
before the rest of the shear key has been stressed to a large extent. 
The total shearing of the interlocks may be assumed to be a progressive 
type of failure. Since the measured bond stresses thus represent only 
average values, the stresses for the conditions of failure are expected 
to be much higher" 
The calculation was not intended to match the test data 
because of the simplified assumptions made with respect to the mode 
of failure, the magnitude of the limiting concrete strength, and the 
distribution of the stresses. However it demonstrates that the approxi-
mately 1 inear relationship between the initial bond stress and the 
lateral pressure, as observed in the pull-out tests, is explainable by 
means of the hypothesis which assumes that the initial bond failure is 
a shear failure of the concrete keys. 
The analysis of the stress condition within the concrete key of 
the microscopic interlock is of interest also in relat"ion to the bond 
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mechanism for deformed bars. In the case of deformed bars, the concrete 
key in Fig. 11.3a represents ideally the concrete between two lugs. 
Figure 0.8 shows the directions of the principal tensile stresses with-
in the concrete key. If tensile stress is the primary criterion for 
cracking, the initial cracks should be approximately perpendicular to 
the direction of the principal tensile stresses. Therefore, cracks 
should extend from near the bearing face of the key making an acute 
angle with the longitudinal axis of the reinforcing bar. Viewed in 
two dimensions, this phenomenon would transform the concrete into a 
series of discrete columns supporting the bar at one end and bearing 
on the mass of concrete at the other end (Fig. 11.5). Reactions from 
these incl ined columns would create the excessive hoop stresses around 
the bar which lead to spl itting of the concrete. Depending on the 
relative size of the shear key and the surrounding mass of concrete, 
it is, of course, possible that the Ilcolumns" fail in shear before 
spl itting of the concrete takes place. 
1 l .. 4 Fr i ct i ona 1 Bond 
According to the basic quantitative law of friction, the 
friction force F is determined by 
F = I-1N (11.3) 
where 1-1 = coefficient of friction, and N = lateral force acting normal 
to the direction of s1 iding. 
In Eq. 11.3, the friction force is stated to be independent 
of the apparent area of contact. This is explained by the fact that the 
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frict ional mechanism is determined by the real area of contact (Figs 
11.la). The real area, however, is independent of the apparent area 
and depends only on the magnitude of the lateral force and the yield 
stress of the material. 
On the basis of results from friction tests performed with 
various materials, the coefficient of friction appears to be a function 
of the sliding velocity (Bowden, 1964; Rabinowicz, 1965). However, with-
in a wide range of velocities, the fr~ction coefficient remains nearly 
constant. The small influence of the sl iding velocity on the friction 
coefficient may be explained by the insensitivity of the shear strength 
of most materials to the rate of loading at moderate to slow loading 
speedso 
In general, the friction coefficient is also found to be less 
dependent on the roughness of the sliding surfaces than is commonly 
assumed. This phenomenon is understandable if it is realized that 
friction is determined mainly by the shear strength at the junctions. 
However, the friction coefficient is affected by extremely smooth and 
extremely rough surfaces. In the first case, the real area of contact 
is larger than that determined by the yield stress of the material and 
the lateral force. Therefore, the friction coefficient increases. 
In the case of very rough contact surfaces, one surface has to be 1 if ted 
over the other one, or a kind of interlocking may take place that neces-
sitates shear failures through interlocking keys the area of which may 
exceed that determined by the junctions. Consequently, the friction 
coefficient increases in that case, too. 
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The bond-slip relationships for prestressing wire appear to 
fit into the frame~ork provided by the current concepts of friction. 
Two sets of measured bond-slip curves are shown in Fig. 11 e2m 
The curves refer to two different concrete strengths and three levels 
of confining pressure. 
With respect to different bond mechanisms, each bond-s1 ip 
curve may be ideal ized by two straight 1 ines as shown in Fig. 11.2; 
(a) a vertical 1 ine which represents ~he interlocking mechanism between 
steel and concrete, and (b) a horizontal 1 ine which represents the 
mechanism of sliding friction. 
The vertical 1 ine is terminated by the bond stress that is 
developed when the interlocking concrete keys shear off. The ordinate 
of the horizontal 1 ine is determined by the bond stress caused by 
sliding friction. A third line connecting the end of the vertical 
1 ine wlth the beginning of the horizontal 1 ine represents a transition 
from one bond mechanism to the other. Theoretically, the transition 
may be expected to follow a vertical 1 ine, in practice however, the 
transition occurs gradually along a curve that approaches the horizontal 
friction line asymptotically. 
Both bond mechanisms are related to the shear strength of 
concrete. However, the areas to be sheared off are different for both 
cases. During the interlocking phase, the area is determined approximately 
by the roughness of the steel surface, assuming that the cement matrix of 
the fresh concrete penetrates into all indentations of the steel. The 
area is independent of the lateral stress. During the frictional phase, 
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the area of shear is determined by the lateral force. The initial 
interlocking mechanism leading to the maximum bond stress cannot be 
mobil ized again after the concrete keys have failed. The mechanism 
characterizing sl iding friction repeats itself endlessly because 
simultaneously with the destruction of an existing set of junctions 
a new set is formed. 
When the interlocking structure fails, two phenomena occur 
at the same time: (a) the bond force drops to the friction force 
because the area of shear is smaller for the sliding system than for 
the interlocking structure, (b) A further "reduction of the bond force 
takes place because of a loss of contact stress. 
The second phenomenon is due to a partial reduction of the 
intensity of the contact. Concrete is a porous material with voids 
that range from micro to macro size. It is assumed that shearing of 
the interlocking keys results in the formation of loose wear particles. 
Through displacements of the contact surfaces, the wear particles are 
transported and deposited in pores opened by the shear failure. This 
is identical to a volume shr1nkage of ihe concrete near the sl iding 
surfaces. The phenomenon may be compared to the behavior of loosely 
packed sand subjected to shear deformations. Caused by the lateral 
displacements, the sand grains in the shearing zone rearrange themselves 
in a more compact manner which results in a reduction of volume. 
The apparent shrinkage of the sol id volume near the sl iding 
surfaces reads-to a -decreasei n contact pressure because it is extremely 
sensitive to the qual ity of contact. A relative separation of the steel 
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and the concrete in the order of 10-5 to 10-4 in. would suffice to 
reduce the contact stress due to external pressures of the magnitudes 
appl ied in the tests to zero. (A-disc~ssion of this problem is presented 
inA p pe nd i xC) . 
According to Eq. 11.3, the friction force is determined by 
the product of the lateral force and the friction coefficient. Since 
the lateral force acting on the surface of the steel due to shrinkage 
or externally appl ied pressure is unknown because of the drop in con-
tact stress following the initial shear failure, it is not possible to 
determine the coefficient of friction rel iably from the data shown in 
Fig. 11.2. 
Before continuing the discussion about the bond mechanisms, 
attention should be called to the fact that the increase of the bond 
strength with the lateral pressure was explained by different means 
for the interlocking mechanism and the frictional mechanism. In the 
interlocking mechanism, the shear area is assumed to be constant. The 
shear strength of the material is assumed to increase because of the 
confining pressure .. In the current friction theories, it is assumed 
that the friction force increases because the shear area of the 
junctions increases. The shear st~ength is assumed to remain constants 
Considering the different states of normal stresses that exist 
in the shear regions of the two bond mechanisms, the different explana-
tions are not unreasonable. In the interlocking phase, complete contact 
is assumed between the concrete and the steel. Under the lateral pressures 
appl ied in the tests, the stresses normal to the shear plane of the 
78 
interlocking structure are well below the strength of the material, 
especially because the material was confined in the directions parallel 
to the shear plane. Therefore, each increase of the lateral pressure 
results in an increase of the normal stress in the shear region. Be-
cause of the i ncreas i ng norma 1 stresses, higher shear stresses can be 
deve loped .. 
In the frictional phase, the contact between the steel and the 
concrete is 1 im ited to the j unct i rns •. Therefore, the unconf i ned mater i a 1 
at the junctions "yields" at low pressures. Since the normal stress in 
the junctions cannot increase anymore, the shear strength per unit area 
remains constant. The increase of the total shear forc~ is possible 
by expanding the area of the junctions. 
11 .. 5 S tick -S 1 i p Mot ion 
In many pul1~out tests with plain wire and strand, it was 
observed that the steel sl ipped in a regular intermittent motion which 
is usually described as "stick-slip" motion (Fig. 8.9). This indicated 
that the friction force did not remairr constant as a function of time. 
According to Rabinowicz (1965), stick-s1 ip motion, which is typical for 
friction tests, may arise whenever ~he static coefficient of friction 
is markedly higher than the kinetic coefficient. Sampson et al (1943) 
found that for very short periods of stationary contact the kinetic 
and the static coefficients of friction are identical .. However, while 
the kinetic coefficient may be assumed to remain constant within a 
wide range of sliding velocity, the static coefficient varies as a 
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function of the time of contact according to Ishl inski and Kraghelskii 
(1944). Experiments by D~kos (1946) indicate that the static coef-
ficient of friction varies significantly for short times of contact 
(less than one second) and relatively 1 ittle for longer periods. The 
time of contact refers to the period from the beginning of the appl i-
cation of the tangential force to the time the body sl ides. 
In relation to the above, the bond-s1 ip relations observed 
in the pull-out tests may be interpreted as follows. After the initial 
shear failure between steel and concrete, the bond force drops to the 
level of the friction force. Because of the sudden sl ip, the force 
comes to an equil ibrium at a level below the value of sl iding friction. 
Until the bond force is raised to the level of the friction force, no 
sl iptakes place. This short time of contact is enough to initiate 
a higher static friction coefficient. Therefore, the bond force 
incceases beyond the _sliding friction. force. After e~ce~di_1}9_. the 
static friction force, a sudden slip takes place with an attendant drop 
in the bond force. Since the bond force drops again below the level 
of the sl iding friction c~pacity, the following increase of the bond 
force takes place without sl ips Consequently, static friction can 
develop ·again. These steps repeat themselves regularly. It may be 
assumed that the mean value of the friction force between peak and valley 
of the stick-s1 ip ampl itude is the average kinetic friction during the 
s 1 i p. 
The ampl itude of the stick-sl ip motion observed in the tests 
increased with the lateral force because the difference between the 
static and the kinetic friction force is proportional to the lateral 
pressure. 
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11.6 Determination of Friction Coefficient 
Several tests in which a constant lateral pressure was 
appl ied to the pull-out specimens were continued after a sl ip of 0.15 ins 
had developed by increasing the lateral pressure in steps of 500 psi. 
During that phase of the test, no sl ip measurements were taken. Typical 
force-time relationships as recorded by the plotter of the testing 
machine are shown in Fig. 8.9. The plots indicate that the bond force 
responded immediately to each increase,of the lateral pressure. 
The frictional character of the bond mechanism at that stage 
of the test is demonstrated by the fact that the average bond force 
remained approximately constant after each increase of the lateral 
pressure. The slight decrease of the bond force noticed for each 
period during which the pressure was held constant had approximately 
the same trend as the bond sl ip curve at a sl ip of Oa15 in. (Point B 
for plain wire in Fig. 8.9). This can be attributed to either a small 
decl ine of the contact stress qr to the reduction in the friction 
coefficient resulting from the increasing amount of loose wear particles. 
The latter cause appears more plausible. 
The maximum bond force reached immediately after each pressure 
increase in tests with plain wire (~ig. 8.9) was slightly larger than 
the peaks of the following stick-s1 ip motion, because the static 
friction coefficient developed for that case was higher due to the 
longer period of contact. Since, according to the previous section, 
the actual friction coefficient oscillates around the true coefficient 
of sl iding friction:as the sl ip increases, the average friction force 
determined by the stick-s1 ip motions will be used to calculate the 
coefficient of sliding friction. 
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I twa s ass u me din Sect ion 1 1 .. 4 t hat a t a s 1 i p 0 f 0 .. lSi n .. 
the contact pressure was smaller than the externally appl ied pressure. 
However, it may be concluded that an increase of the external lateral 
pressure at that point of the test will result in an equivalent increase 
of the contact stress because further sl ip is not 1 ikely to lead to a 
significant compaction of the material near the sliding surfaces as 
it was the case immediately after the interlocking structure failed. 
(A detailed discussion of the relatior.ship between 
appl ied lateral pressure and the contact stress is given in Appendix C). 
Knowing the increase of the contact stress as well as the 
response of the friction force, it is possible to calculate the fric-
tion coefficient ~ for each individual increase of lateral stress by 
t he express ion 
P. 1 -p! 
I + I 
Udcr 2 
(1 1 h) 
\ I •• I I 
where P., P! = bond forces according to Fig. 8.9, U = bonded area 
I I 
(= 0 .. 461 in 2 for plain center wire of 7/16,..in. strand) and dcr2 = 
increase of the lateral pressure (= 500 psi). 
The individual friction c0efficients obtained in this manner 
are plotted in Fig. 11.6 versus the laterally appl ied pressure. Al-
though the scatter was relatively large, it appeared that the friction 
coefficient was independent of the lateral pressure within the range 
from 1000 to 4000 psi. The average coefficient of friction found was 
~ = 0 0 29 for concrete mix A (f' = 6100 psi) and ~ = 0.32 for concrete 
c 
mix B (f' = 8200 psi). 
c 
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Figure 11.6 does not contain the friction coefficients 
calculated for the first increEse of the lateral pressure because 
it was found that the coefficient determined from the first increase 
was significantly lower than the values for the following pressure 
enhancements (Fig. 11.7). This result agrees fully with the explana-
tion given for the bond mechanism in Section, 11.4. The first increase 
of lateral pressure had to close a Ilgap" between the two sl iding surfaces 
which was created through the compaction of materiai between the contact 
surfaces. Consequently, the contact stress increased by less than 500 
psi. For any further increase of the late~al pressure, a fully com-
pacted material at the contact existed which resulted in stress increases 
'comparable to those appl ied externally. 
The friction coefficients mentioned above were only slightly 
lower than the fictitious coefficients of friction that are obtained 
for the initial bond if'the shear failure of the interlocking structure 
is explained in terms of friction. The fictitious values which may 
be determined from the slope of the average bond stress-lateral stress 
relationships of Fig. 8.4,are found to be 0.33 for concrete mix A and 
0.38 for concrete mix B. The small difference between the initial 
IIfriction coefficient" and the coefficient of sliding friction indicates 
that the area of contact through which shearing takes place differs little 
for both cases. 
11.7 Concluding Remarks 
The results of pull-out tests with plain prestressing wire 
agree with the hypothesis that bond of plain bars is caused basically 
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by two different mechanisms: an initial interlocking mechanism 
between the steel and the concrete followed by one of sl iding friction. 
The bond stress developed both during the interlocking and 
the frictional phase appears to be extremely sensitive to the normal 
stresses existing at the contact surface between steel and concrete. 
The initial sl ip of the steel following the shear failure of the 
interlocking structure results in a drop of contact stress, and there-
fore in a relatively large reduction of bond stress. 
The coefficient of sliding friction between concrete and plain 
prestressing wire was found to be approximately 0.30. This value was 
'obtained under the assumption that the contact stress in the tests was 
equal to the externally applied pressure. It is very unl ikely that the 
contact stress was lower than the external pressure. However, it is 
conceivable that the contact stress exceeded the external pressure by 
as much as 20 percent. This would reduce the coefficient of friction 
to 0.25. 
Under conditions where no external pressure is appl ied, the 
contact stress necessary to initiate fri~tion after the initial shear 
. failure of the interlocking structure has taken place is suppl ied 
primarily by shrinkage. 
12. A CONCEPTUAL MODEL FOR BOND OF STRAND 
12 .. 1 Introductory Remarks 
The basic bond mechanisms governing the bond characteristics 
of plain wire also determine the bond strength of strande However, the 
actual stress distribution existing at the contact surface between the 
strand and the concrete due to a pull-out force is rather compl icated 
compared with that for plain wire because of the geometry of strand. 
Provided the concrete specimen and the, strand grip are fixed with respect 
to rotation around the axis of the strand, any sl ip causes the strand to 
untwist itself. This property distinguishes strand, with regard to 
bond, both from plain bars and from deformed bars. 
In order to study the principal features determining the bond 
capacity of strand, it was desirable to design a simple conceptual 
model which would make it possible to 1 ink the bond properties of 
strand with those of plain wire. 
In the following sections, such a model will 
both for the initial phase of bond which is determined by interlocking 
between steel and concrete and for the sl iding phase which is determined 
.by friction. 
12.2 Initial Bond 
The initial bond refers io that phase of the bond-51 ip relation 
during which no sl ip between the strand and the concrete has yet developed. 
The initial bond force, used frequently in the following discussion, 
refers to the initial bond strength. 
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To simpl ify discussion, strand may be thought of as a round 
bar with several lugs protruding from its surface. These lugs, repre-
senting the exterior wires of the strand, run helically around the bar 
forming an angle a with the axis of the bar (Fig. 12ela). If only a 
very small element of the bar is considered, as shown, a two-dimensional 
model is obtained. Consider this element being pulled down vertically 
through a mass of concrete. It is assumed that only the lug is bonded 
to the concrete. 
The fol lowing forces indicated in Fig. 12.1b act on the lug 
in the model: 
(1) A pull-out force Pin, where n represents the number of 
lugs, or in the case of strand, the number of exterior wires. 
(2) A normal force N/n due to P, acting on the inclined 
plane of the lug. 
(3) A shear force qN/n, where q reflects the increase in the· 
shear strength of the interlocking concrete keys with the normal 
pressure. The factor q is comparable to the slope of Coulomb's failure 
envelope. It may be determined from the initial bond stresses obtained 
. for plain wires under various lateral pressures (Fig. 8.4). It was 
found to be approximately 0.33 for a concrete strength of 6100 psi, and 
0.38 for a concrete strength of 8200 psi. 
(4) A shear force Vln which represents the interlocking 
strength between concrete and steel. Qual itatively, the shear force 
V is determined from the pull-out tests on plain wire. It includes the 
effect of shrinkage. 
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(5) A horizontal force Fin which is due to the externally 
appl ied lateral pressure. 
(6) A shear force qF cosain which is comparable to the shear 
force qN/n but is caused by external lateral forces not including shrink-
age. This force is modified by the angle a because it is assumed that 
stresses parallel to the shear plane do not have a confining effect 
on t he concrete. 
A similar element to that shown in Fig. 12.1a may be considered 
at the opposite face of the bar. With respect to the axis of the bar, this 
element presents a mirror image to that in Fig. 12.1b. Consequently, the 
horizontal components of the forces will create an internal torsional 
moment. In the case of a freely rotating strand or concrete specimen, 
however, no external torsional moment can be generated by the strand 
while untwisting itself in the free length between the strand grip and 
the bonded length. Therefore, the initial moment must be equal to zero, 
and the forces of each eiement must be in equil ibrium. 
Summing the forces in the x- and y-direction yields: 
p 
= cosa 
n 
P sina 
n 
N 
n 
o 
V 
n 
qFcosa 
n 
= 0 
(12.2) 
By e1 iminating the normal force N, the pull-out force P may be expressed 
in terms of the shear force V, the lateral confining force F, the factor 
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q relating the shear strength to the normal stress, and the twist angle 
a: 
p v + qFcosa 
cosa - qsina (12.3) 
The shear force V, which represents the bond resistance 
provided by the interlocking concrete keys, may be determined readily 
because for plain wire the initial bond force developed is equal to the 
shear force V (a = 0, F = 0). Assuming that V is 1 inearly proportional 
to the bonded area, the initial bond force of plain wire has to be 
multipl ied by the ratio of the actual surface of the strand to that of 
the plain wire in order to obtain the shear force V for strand. The 
. twist angle a for the various strand sizes is 1 isted in Table A.2. 
With Eq. 12.3, it is possible to calculate the initial bond 
force of strand using data from plain wire tests. In Figs 12@2, the 
calculated initial bond force for strand is plotted versus test results 
obtained with various strand diameters. All the experimental data were 
derived from specimens cast with concrete mix A and tested at an age of 
eight or nine days. No lateral pressure had be~n appl ied to the specimens 
(F = 0). 
The calculated value of the initial bond force compares fairly 
well with the average value of the test results for 7/16-in. strand and 
1/2-in. strand. For 1/4-in. and 3/8-in. strand, the calculated initial 
bond force lies at the lower boundary of the test results. It should be 
noted, that the factor q used in the calculation (q = 0.33) was derived 
from tests with center wire from 7/16-in. strand. It is conceivable, 
that the exterior wires of some strands had different surface character is-
tics than the center wire of 7/16-in. strand and therefore developed 
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different initial bond properties. It was pointed out already in 
Chapter 5 that 3/8-in. strand developed bond-s1 ip characteristics that 
differed sl ightly from those of other strand sizes. 
For practical purposes, it may be concluded that the initial 
bond force of strand increases approximately linearly with the strand 
diameter. The slight deviation of the calculated values from a straight 
line (Fig .. 12;2) derives from small differences between the measured 
and the nominal geometric properties of strand. 
Using Eq,. 12.3, it is also possible to calculate the initial 
bond force developed by strand under laterally appl ied pressures. In 
that case, the lateral force F is determined by multiplying the actual 
bonded area of strand with the lateral stress appl ied. 
Test results obtained with 7/16-in. strand are presented in 
Fig. 12.3. Compared with the test results of Fig. 12.2, the initial 
bond forces in the case with no lateral pressure appl ied are significantly 
higher. This fact is due to the higher age of the concrete specimens at 
the time of testing. The trend of the bond strength to increase with the 
age of the concrete was confirmed for strand in Section 6.5 (Fig. 6.12). 
Lacking tests with plain wire comparable in age to tests with 
strand shown in Fig. 12.3, the initi~l bond force of strand at zero 
lateral pressure could not be reproduced theoretically on the basis of 
wire tests. The increase of the initial bond strength with lateral 
pressure, however, could be calculated using the second term of Eq. 12.3. 
The calculated relationship (Fig. 12.3) was obtained using a value of 
q ; 0.33 which was derived from wire tests conducted at an age of 15 and 
17 days .. The theoretical re,lationship comp'ares fairly well with the 
test results. 
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It was mentioned above that for a freely rotating strand or 
concrete specimen no torsional moment develops. If the concrete speci-
men and the strand are fixed against rotation, the free length of the 
strand bet_ween the strand grip and the bonded part unwinds while being 
stretched under the load e As a result, a small torsional moment is 
appl ied at the attack end of the bonded length causing an increase of 
contact pressure between the strand and the concrete. It may be shown, 
however, that th is moment is too sma 11, to create a sign i f i cant increase 
in bond strengtho Tests conducted with both test setups demonstrated 
that the influence of the torsional moment on the initial bond strength 
is negl igible (Fig. 3.7). For this reason, use may be made of Eq. 12.3 
regardless of the test setup. 
The model shown in Fig. 12.1 and Eq. 12.3 may also be used 
for calculating the initial bond force of twisted square bars. Since 
both the square bars and the strand are manufactured by cold drawing, 
the same shear force per unit area, representing the interlocking 
mechanism, may be assumed for both steels. The shear force V is deter-
mined by the initial bond'force that was developed in one-in. pull-out 
,tests with untwisted square bars. The average value found was 170 Ib 
(Fig. 10.2). 
Using the above value in Eq. 12.3, the initial bond force of 
square bars at an appl ied lateral pressure of zero psi may be obtained as 
a function of the twist angle a. In Fig. 12.4, this relationship is 
compared with various test values of series QB09-1. 
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The scatter of the test results, especially at large twist 
angles., is large. This may be deduced from the high degree of nonuni-
formity in the geometry of the square bars at large twist anglese 
Nevertheless, the trend of the calculated relationship agrees with the 
test data. 
1203 Sliding Bond 
Sl iding bond refers to the phase of bond following the shear 
failure of the interlocking structure. It is charact~rized by sliding of 
the steel with respect to the concrete. The mechanism of sliding depends 
on the friction properties of the two materials in contact. It may be 
assumed that the coefficient of sl iding friction remains constant 
within the range of s1 iding velocities observed in the pull-out tests. 
Any change in the friction force is therefore assumed to be caused by a 
change in contact stress between the steel and the concrete. 
When strand sl ips through the concrete it may either wind 
itself through the concrete 1 ike a screw, or it may untwist itself, 
depending on the test setup. Since strand has some torsional stiff-
ness, the manner in which strand sl ides through the concrete affects 
the magnitude of the contact stress ~etween steel and concretee Con-
sequently, two different cases of sliding have to be investigated: 
(a) the concrete specimen of the strand is permitted to rotate freely 
around its axis while the strand is pulled out, (b) the concrete 
specimen and the strand are held fixed with respect to rotation during 
the test. 
Since the strand in case (a) is not restrained from rotating, 
no torsional moment will be induced into the concrete p~ism. In case 
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(b), the strand is forced to untwist itself through the rigid concrete 
embedment. Therefore, a torsional moment is generated within the 
concrete prism due to the rotational stiffness of strand. 
In order to study the sl iding mechanism of strand, a model 
very similar to that used for the initial bond may serve as an aid. 
A smooth prism with a protruding lug slanted at an angle a represents 
one exterior wire of the strand (Fig. 12.5). Consider only the lug of 
the prism bonded to concrete. When the prism is pulled down through a 
mass of concrete, the prism will sl ide along a plane indicated by 
the 1 ug .. 
The following forces indicated in Fig. 12 .. 5b act on the lug 
of the mode 1 : 
(1) A vertical pull-out force Pin, where n is the number of 
lugs or, in the case of strand, the number of exterior wires .. 
(2) A normal force N/n due to P, acting on the inclined 
plane of the lug. 
(3) A friction force N~/n, where ~ is the coefficient of 
sliding friction between steel and concrete 
(4) A lateral force Fin where F is due either to shrinkage 
of the concrete or to an externally· applied pressure 
(5) A friction force F~ cosaln 
(6) A spring force ksln which represents a concrete reaction 
that is equal in magnitude to the force necessary to untwist the strand. 
The constant k is a spring factor that corresponds to the torsional 
stiffness of the strand, s is the vertical sl ip of the strand. The 
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spring force ks is initiated only in case (b) described above~ where 
the strand is forced to untwist itself. 
(7) A friction force ks~ cosa/n 
Summing the forces in the x- and y-direction, the following 
two equil ibrium equations are obtained. 
P N F ks n cosa - n ~ - n ~ cosa - n 
Psi nQ" _ N 
n n 
ks 
+ - cOSQ' = 0 
n 
ks . 
~cosa - n s I no. o 
These two equations lead to the following expression for P 
p = F~ + ks (2~ + tanQ') 
1 - ~ tanQ' 
( 1 2.4 ) 
(12 .. 5) 
(12 .. 6) 
According to Section 11 .. 6, the friction coefficient ~ between 
prestressing wire and concrete which may be used in the above equation 
It i s not pos s ! b 1 e ~ 
however, to give the magnitude of the l~teral force F because both the 
lateral force due to shrinkage and the contact force between steel and 
concrete due to the externally appl ied pressure are unknown (see Section 
11.4 and Appendix C). The whole fri~tion force F~ may be determined 
approximately, however, by using the friction force developed by plain 
wires and multiplying it with the ratio of the bonded areas of strand 
and wi re. 
In o~der to determine that part of the pull-out force that is 
related to the increased contact pressure due to the torsional stiffness 
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of strand, the spring constant k has to be determined e Because of the 
composite cross section of strand, it is very difficult to find k for 
strand theoretically. In view of a better understanding of the effect 
of the torsional stiffness on bond, it appears therefore expedient to 
study the influence of the torsional stiffness on the bond force with 
the aid of twisted square bars. 
The torsional moment of a square bar is, according to 
Timoshenko (1955): 
T = 
4 0 .. 1406 G8 a 
L (12 .. 7) 
where G = shear modulus, 8 = torsion angle, a = width of the square 
bar, and L = length over which the torsion is appl ied. 
The torsional moment may also be expressed in terms of two 
force couples, Qt, where Q is the resultant force due to the contact 
pressure caused by the torsional moment, and t is the moment arm as 
shown in Fig .. 12.6. Thus the torsional moment becomes: 
T = 2Qt 
. Combining Eq .. 12.7 and 12.8, the force Q is obtained to 
Q 
4 
0 .. 1406 G8 a 
2Lt 
(12.8) 
(12.9 ) 
This force, however, is identical to the spring force acting 
in the model of Fig. 12.5. Therefore 
ks Q = 
n 
(12.10) 
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The torsion angle is related to the sl ip s by the expression 
e 2/ts 
P (12.11) 
where p is the pitch of the bar. The pitch, in turn may be expressed 
in terms of the twist angle 0. and the width of the bar by the relation-
ship 
p = ai"Z7TcotCY (12 .. 12) 
Combining Eq. 12.9 through 12012, the spring constant k can 
be calculated by the expression: 
k 0.1406 n Ga
3 tanCY 
I2'Lt (12 .. 13 ) 
As an approximation, a triangular stress distribution at 
the contact between steel and concrete may be assumed as indicated in 
Fig. 12.6. With this assumption, the moment arm t becomes equal to 
2a/3. The other terms of Eq. 12.13 were determined by the tests per-
. 6 
formed with square bars (n = 4, G = 11.5xlO psi, a = 5/16 in., and 
L = 9 in., where L was the free length between the strand grip and the 
bonded length). 
The spring constant k for 5/16-ln. square bars, determined with 
the assumptions above, is plotted versus the twist angle CY of the bar 
in Fig. 12.7 .. 
Knowing the spring constant k, the pull-out force P can be 
calculated for any sl ip with Eq. 12.6. The friction force F~ in this 
equation is determined for every 51 ip value by the bond force-slip 
reiationship of the untwisted bar. Two calculated bond-51 ip relationships 
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for 5/16-in. square bars are plotted in Fig. 12.8 versus test results of 
series QB09-1 G Considering the simpl ified assumptions made with the 
two-dimensional model and the possible scatter' of the test results, 
the agreement of the theoretical solution with the test results is 
good. The theoretical bond-s1 ip relation is val id, of course, only 
as long as the bars untwist themselves through the concrete. As soon 
as the concrete is crushed under excessive contact stresses caused by 
the rotational spring force of the bar, the bars are pulled out of 
the concrete without further rotation, and the bond force necessarily 
deviates from the predicted relationship. 
The large increase in bond strength that is due to the 
. torsional stiffness of the square bars in the case where both the steel 
bar and the concrete specimen are fixed against rotation is demonstrated 
effectively by the measured bond-s1 ip relationships shown in Fig. 10.30 
The influence of the torsional stiffness of strand on bond may 
be derived by a similar method to that used above for twisted square bars. 
The rotational stiffness of the strand was found by experimental means. 
The test setup used to measure the torsional stiffness is 
shown in Fig. 12.9. A free length of 7/16-in. strand was loaded in 
tension. While the tensile force was held constant, the strand was 
rotated by small weights acting over a pulley and a lever arm. The 
weight needed to rotate the strand and the amount of rotation in degrees 
were measured. 
Figure 12.10 shows the measured relationships between the 
appl ied torsional moment and the rotation (and sl ip) of the strand 
for different lengths tested. The results of several tests indicated 
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that the tension force to which the strand was subjected did not 
influence the torsional stiffness of strand within the range of 500 to 
1500 lb that covers the unit bond strength developed by strando 
In order to determine the spring constant k, a resultant force 
distribution representing the contact stress between strand and concrete 
due to the untwisting of the strand is assumed as shown in Fig. 12.110 
The resulting force couples Qt, where Q is the force acting on each 
exterior wire perpendicular to the main diameter of the strand, and t 
is the moment arm, form the torsional moment 
T = 3Qt (12.14) 
Since Q is identical to the spring force ks/n acting on the 
model shown in Fig. 12.5, the spring constant k may be expressed by 
k nT 3ts (12.15) 
With the sl ip, s, and the angle of rotation, 8, being inter-
related by Eq. 12.11, the spring constaht k may be determined us ing 
the results of Fig. 12.10. Assuming that the moment arm t is approxi-
mately 5/6 of the strand diameter, the spring constant k for 7/16-in. 
strand is found to be 2700 lb/in. 
The second part of Eq. 12.6 represents the bond force that is 
caused by the rotational stiffness of the strand. Consequently, this 
part determines the additional bond force gained in those tests in which 
both the concrete specimen and the strand were fixed against rotation. 
o Using the above value of k, a twist angle of a = 13.3, and an average 
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friction coefficient of ~ = 0.30 (see Section 11.6), the difference 
in bond force can be shown to be 24 lb for a slip of 0.01 in. and 240 lb 
f or a s 1 i p of O. 1 in. 
The actually measured difference in bond force is shown in 
Fig. 3.7, where average bond-s1 ip curves are compared for both test 
setups. The order of magnitude and the trend of the difference in bond 
force to increase in proportion to the sl ip are comparable with the 
calculated values. 
It may be concluded from the experimental as well as the 
theoretical investigation that the rotational stiffness of strand, in 
contrast to that of square bars, has only a very small effect on bond 
strength. This can be related directly to the small .torsional stiffness 
of strand. 
12.4 Lack of Fit 
The results of Eq. 12.6 and the statements made in the last 
paragraph of the foregoing section lead to the conclusion that the bond 
characteristics of strand should be directly comparable with those of 
plain wire. However, a comparison of typical bond-s1 ip relationships 
developed by strand with a typical ~ond-sl ip relation developed by plain 
wire indicates that this conclusion is apparently not true (Fig. 12.12). 
Consequently, Eq. 12.6 does not include all the sources contributing to 
the bond strength of strand. 
With respect to the above problem, the following observations 
may be deduced from Fig. 12.12: 
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(1) The bond characteristics may vary significantly from 
one lot of strand to another. 
(2) A sudden drop in bond strength comparable to that observed 
with plain wire was measured for 7/16-ina strand of coil II immediately 
after the initial bond strength had been exceeded o 
(3) The bond force of strand increased with slip either 
immediately after the initial shear failure had taken place or after a 
sl ip of approximateli 0.01 in. had developed. In contrast to that, the 
bond strength of plain wire decreased with increasing sl ip approaching an 
approximately constant value. 
From the second observation, it may be concluded that, at 
small sl ips, at least some strands tend to show the same bond charac-
teristics as plain wire. However with increasing slip, a new source 
of bond strength seems to be activated that accounts for the increase 
of the bond force of strand at slips larger than 0.01 in. 
The new bond source may be explained on the basis of the 
fol lowing hypothesis. Assume that the shape of the strand is not 
perfect, i.e. that the diameter, the pitch, or the angle of twist vary 
~1 ightly along the axis of the strand. In that case, the strand would 
tend to wedge as soon as it starts sl"ipping through the presumably rigid 
concrete embedment because of a certain lack of fit between the cross 
sections of the strand displaced through sl ip and the stationary concrete 
channel. As a result, strand would develop bond "characteristics that 
are similar to those of deformed bars. 
It is not very difficult to show that irregularities in the 
geometry of strand exist. Figure 12.13 and 12.14, for" instance, show the 
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cross sections of a piece of strand cast in concrete which were located 
at a distance of one in. from one another. The sl ices were made from a 
random specimen with a bonded length larger than one in. (Series SA09-18). 
The different spacing of the exterior wires indicates that the diameter 
and the angle of twist must have varied from one cross section to the 
other .. 
Another attempt to show the nonuniformity of strand was made by 
measuring the diameter of two 7/16-in~ strands at five different locations 
within a length of one in. (equal to the standard length of the pull-out 
specimens). At each location, the diameter was measured over the three 
sets of exterior wires. The measurement was accomplished with a dial 
i nd i cator hav i ng a read i ng sens it i vi ty of 0 .. 0001 in G- Figure 12. 15 
shows the relative variation of the strand diameter. It was in the 
order of 0.01 in. 
The nonuniformity of the strand may account for the difference 
in bond characteristics between strand and plain wire as follows: 
(a) Theoretically, it may be shown that a small variation of 
the strand diameter is enough to explain the difference in the relative 
bond forces. According to the bond-s1 ip relations plotted in Fig .. 12.12, 
plain wire would develop a bond force of roughly 200 lb at a slip of 
0.10 in. if it had the same surface area as strand. Strand developed a 
I 
bond force of approximately 900 lb at the same sl ip. Thus, a bond force 
of approximately 700 lb would have to be attributed to the lack of fit 
of strand if the small effects of the incl ined plane and the torsional 
stiffness of strand were neglected (denominator = 1, k = 0 in Eq .. 12.6). 
100 
Using a friction coefficient of 0.30, as determined in Section 
11.6, a contact stress of approximately 1260 psi would be required to 
develop a bond force of 700 lb due to wedging of the strand. According 
toE C . 6 0 f ~ p pE;n d i x C, ani ncr e as e 0 f the d j a me t e r 0 f the s t ran d 
0.00016in. over a distance of 0.10 in. would suffice to generate a con-
tact stress of the above magnitude. This required variation of the 
strand diameter is less than the measured variation shown in Fig. 12.15. 
It should be noted that the ~ontact stresses mentioned above 
may lead to circumferential tensile stresses of such magnitude that 
radial cracking immediately around the strand will take placeD 
(b) Practically, it was shown that "straight" (nontwisted) 
strand which was fabricated in the laboratory as described in Section 
10 .. 3 (Series UA09-1) displayed almost the same bond characteristics as 
the twisted strand (Fig. 10.5 and 1007). An explanation for the 
difference in bond characteristics between a single wire and a group of 
three or seven parallel wires is offered by the hypothesis about the 
lack of fit. If all the individual wires are not perfectly parallel, 
"straight" strand will show bond properties of a sl ightly deformed bar. 
Because of the tack welding necessary to keep the wires in touch (Section 
10.3), it was indeed not possible to· produce a perfectly parallel strand. 
The few tests performed with "straight" strand indicate that 
the imperfection in the shape rather than the twist of the strand lead 
to the relatively good bond characteristics of strand. 
An appreciable difference was observed between the shapes of 
bond-slip curves (Fig. 12.12) for strand acquired at different times. 
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It is pertinent to discuss the observed difference fn the light of 
the bond mechanisms described. 
Figure 12.12 shows that the bond force developed by 7/16-in. 
strand_of c 031_1 _ i ncrea sed i mmed ja t ely_aft er __ tbe_ inLtj.:11 ~_b~arfc3Ltur:e 
of the interlocking concrete keys had taken place. In contrast, the 
bond force developed by 7/16-in. strand of coi,l II dropped after ex-
ceeding the initial bond strength .. After a slip of approximately 0.01 in .. , 
it also started to increase. It should be noted that the average initial 
bond force was exactly identical, and that the bond force at a sl ip of 
0.15 in. was nearly the same for both strands again. 
The only differe~ce between the two strands that could be 
detected was that the surface of the strand had a dull, dry appearance 
for coil I and a shiny, oily appearance for coil II. This seems to 
indicate that the surface of the strand of coil I, which had been stored 
in the laboratory for a much longer time than coil II, was oxidized 
to a greater extent. 
A similar observation was made for strands of other diameters. 
The surface of 3/8-in. strand resembled very closely that of the 7/l6-in • 
. strand of coil II, while the 1/4-in. and l/2-in. strand had the dull 
surface of the 7/16-in. strand of coil I. The 1/4-in. and 1/2-in .. 
strand displayed bond characteristics comparable to those of 7/16-in. 
strand of coil I. The 3/8-in. strand, however, developed a drop in bond 
force at very small sl ips that was typical for 7/16-in. strand of coil 
II (Fig, 5.1). The decrease of the bond force for the 3/8-in. strand 
did not occur immediately after the initial shear failure but at a sl ip 
of roughly 0 .. 001 in .. 
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The apparent influence of the surface properties on the bond 
characteristics of steel could also be observed in tests performed by 
Rehm (1961). The bond strength of round steel bars tested by Rehm 
with a surface showing indentations of a depth of 0.003 to 0.004 in. 
increased immediately after the initial shear failure at a much faster 
rate than the bond force of bars having surface indentations of only 
0 0 001 to 0.003 ins 
It may be concluded from the above observations that the bond 
characteristics of strand are affected by the surface roughness o Consider 
therefore two contact surfaces between steel and concrete (Fig. 12.16): 
(a) a contact showing a rough steel surface, characterizing 7/16-in. 
strand of coil I, and (b) a contact showing a "smooth" surface, 
characterizing 7/l6-in.strand of coil JI. 
With respect to the initial bond strength determined by shear 
failure along the peaks of the steel surface, there should be no signi-
ficant difference between case (a) and case (b) because the shear area is 
approximately the same for both cases. This conclusion was confirmed by 
the tests (Fig. 12.12). 
With respect to sliding, there may be a difference between case 
(a) and case (b) at small sl ips. In view of the ·wider indentations, 
it is 1 ikely that the initial roughness of the failure surfaces is 
greater for case (a) than for case (b). Consequently, higher contact 
stresses and additional shear stresses necessary to shear off "rough 
spots" will cause initially a larger friction force in case (a). After 
some sl ip, the degree of smoothness, and therefore the magnitude of the 
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contact stress, will assume similar values for both cases. With the 
assumption that the effect of the lack of fit is comparable for both 
strands, the friction force will tend to approach the same magnitude 
aft era ce r t a ins 1 i p (F i g" 1 2 a 1 2) . 
The effect on bond of strand related to the lack of fit may 
be summarized as follows: 
Ideally, strand with a perfect geometric shape (if every 
cross section along the length of the .strand is identical) will develop 
a bond-s1 ip relationship similar to one obtained with plain wire. This 
has been verified for some of the test specimens at small sl ips (strand 
of coil II, Fig. 12.12). 
With increasing sl ip, however, a deformed-bar effect develops 
which causes the bond strength to increase with sl ip. This effect is 
due to irregularities in the shape of the strand. The irregularities 
lead to a lack of fit between the strand and the concrete, thus increasing 
the lateral confining stresses ... 
A second effect influencing the bond-s1 ip relationship of 
strand at very small sl ip~ is due to the surface roughness of the steel. 
This effect may be understood in the 1 ight of the following considerations. 
Because of bearing under the lugs, the bond force of deformed bars in-
creases immediately after the interlocking keys of the "plain ll 
part of the bar have failed. On the other hand, the bond force of 
plain bars with very smooth surfaces will drop immediately after the 
initial shear failure has taken place. Consequently, it may be assumed 
that bars with rough surfaces will develop bond-sl ip relations which, 
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immediately after the initial shear failure, will range somewhere 
between the two extreme cases. 
1205 Concluding Remarks 
With the conceptual model developed in this chapter to explain 
bond of strand, it was possible to predict the initial bond strength of 
strand on the basis of test results obtained with plain wire. It was 
shown that the incl ined-plane effect due to the twisted shape of strand 
had 1 ittle influence on the initial bond strength because of the small 
twist angle a of strand. It was also possible to determine the influence 
of the lateral pressure on the initial bond strength using the conceptual 
mode 1 • 
With respect to s1 iding-bond strength of strand, it was 
possible to show that the incl ined plane effect and the torsional 
stiffness of strand had little influence. This led to the conclusion 
that a perfectly shaped strand would exhibit bond characteristics similar 
to those deve loped by pIa in vd re.. It was not poss i b 1 e, however, to pred i ct 
the bond force developed during the s1 iding phase of the bond-s1 ip relation-
ship theoretically because of the difficulties involved in making deter-
minlstic assumptions concerning the irregularities in the shape of the 
strand .. 
The disadvantage of not being able to predict the bond force 
of strand beyond the initial bond strength is not very important consider-
ing the fact tbat the s1 iding-bond strength of strand remains approximately 
constant with increasing slip (Figo 5.1). 
13. THE APPLICATION TO PRACTICAL PROBLEMS OF DATA 
FROM ONE-ine PULL-OUT TESTS 
13.1 Introductory Remarks 
Short-length pull-out tests provide a valuable means to study 
the effect of various parameters influencing the bond properties of 
reinforcing steel. The results are very informative with respect to the 
fundamental bond-s1 ip relation between steel and concrete. However, 
short-length pull-out tests can be useful for practice only if the 
results can be projected directly to problems such as determining the 
bond force developed over a given bonded length or the anchorage length 
for a given bond force. 
In the following sections, the appl icabil ity of a theoretical 
method is discussed to solve the above problems by u~ing results from 
one-in. pull-out tests. The theoretical results are compared with 
actual test values. 
13.2 Theoretical Determination of the Bond Force-Slip Relationship 
for a Given Bonded Length 
Theoretically, .it is possible to calculate, by an iterative 
method, the bond force-slip relationfur any bonded length of strand if 
the unit bond force-sl ip relationsh1p and the st~ess-strain curve of 
the strand are known. 
The analytical method is based on the following assumptions: 
(1) The change in slip over a given bonded length is equal to 
the change in length of the steel. With this assumption, the deforma-
tion of the concrete is neglected. The error is neg1 igibly small because 
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the deformatfon of the concrete is usually very small compared to that 
of the steel. Because of the uncertainties involved in the assumptions 
concerning the concrete deformations, it does not seem reasonable to 
include the concrete deformations in the calculation. 
(2) The change in steel force over a given bonded length is 
equal to the bond force transferred to the concrete. 
(3) The unit bond force-s1 ip relation measured in the one-in. 
pull-out tests represents the actual bQnd-sl ip relation between strand 
and concrete. 
Consider now a pull-out specimen with a given bonded length. 
The steel stress at the trail end of the specimen is equal to zero. 
For a given trail-end slip, the bond force and the sl ip distribution 
along the bonded length are to be determined using the bond-s1 ip relation-
ship indicated by the one-in. pull-out test. The bond force and the 
? Ji p_are ~t~t~t:'I11Lne_d i ter?t iveLy at sma]l i nterva 1 s of the bonded l_~ng! h 
progressing from the trail end of the specimen to the attack end. A 
detai led description of the calculation, which was performed with the aid 
of a digital computer is given in Appendix E.l e 
Using an average unit bond force-s1 ip relationship of 7/16-in. 
strand obtained from one-in. pull-ou~ tests and a modulus of elasticity 
for strand of 28 x 106 psi, sl ip distributions along the bonded length 
were calculated for various trail-end sl ips as shown in Fig. 13 .. 1. 
Simultaneously, the bond force developed by the strand was calculated 
as a function of the bonded length (Fig. 13.2). 
After calculating the relationships of the bond force and 
the s 1 i p ve r sus t he bon d e d 1 en gt h for s eve r a 1 t r ail -e n d 5 1 ips, i t wa s 
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possible to construct complete bond-s1 ip curves for any given bonded 
length both for the trail-end and for the attack-end slip. Relation-
ships obtained in this manner are plotted in Fig. 13.3 and 13.4 versus 
actually measured test curves from series SA09-18. 
The agreement between calculated and measured results is 
favorable. The bond-s1 ip relationships shown in Fig. 13.3 indicate 
that the bond force at which the trail end started to slip could be 
calculated almost exactly on the basis of the one-in. pull-out tests. 
However, at trail-end sl ips ranging from 0.001 in. to 0.1 in., the 
calculated bond force was constantly lower than the measured bond forces 
The difference increased with the bonded length. This discrepancy is 
understandable in the light of the bond stress-s1 ip relations of series 
SA09-18 plotted in Fig. 3.5. The bond-s1 ip curve of the one-in. tests 
on which the calculation was based dropped immediately after the initial 
bond strength w~s exceeded and increased only after a sl ip of approximate-
1y 0.03 in. had developed. Te?ts with larger bonded lengths did not 
exhibit this marked drop in bond force. Since the calculation was 
based on the bond values of one-in. tests, all theoretical bond-51 ip 
relations reflect this drop. 
The difference in the shape of the unit bond-s1 ip curves in 
Fig. 3.5 may be explained with the help of the lack-of-fit hypothesis. 
Consider an infinitesimally small bonded length of strand. This 
length would not develop any effects due to lack of fit if pulled out 
of the concrete. Consequently, the bond force would drop immediately 
after the interiocking concrete keys have sheared off. In contrast, 
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a large embedment length would develop a substantial differential 
slip between trail end and attack end. Therefore, the s1 ip developed 
at the attack end will be so large by the time shear failure takes 
place at the trail end that the strand near the attack end wedges 
because of lack of fit. As a result, it is not 1 ikely that the entire 
bonded length slips suddenly after the initial bond strength is exceeded 
at the tra i 1 end. Consequent ly, the drop in bond force observed in the 
short-length pull-out tests does not occur. It appears that one-in. 
specimens approach the bond characteristics of an infinitesimally short 
length while specimens with bonded lengths equal to or larger than 
three in. exhibit the bond characteristics of large bonded lengths. 
The difference between the calculated and the measured bond 
force related to the attack-end slip observed immediately after the 
trail end has started to sl ip (Fig .. 13.4) may be explained in a similar 
manner as above. The pronounced drop of the calculated bond force was 
caused by the fact that the calculation was based onone-i~. pull-out 
tests .. 
The difference between the calculated and the measured bond 
.force related to the attack-end slip observed before the trail end has 
s1 ipped may be attributed partly to the fact that in the calculation the 
deformation of the concrete was not taken into account. On the other 
hand, the "measured" relationships shown in Fig. 13.4 may not be 
absol ute ly.correct because the measurements of the attack-end s 1 i p 
had to be corrected for the deformations of the strand and the concrete 
specimen, which required several assumptions (Section A.6) 
l~ 
In view of the fact that the calculated bond forces related 
to the trail-end as well as the attack-end slip (after the trail end 
has sl ipped) were always smaller than the measured bond forces, it may 
be concluded that the method ()f calculating bond-51 ip relationships on 
the basis of results obtained from one-in. pull-out tests leads to safe 
and satisfactory results. 
13.3 Theoretical Determination of the Anchorage Length In Prestressed 
Members 
The anchorage length of strand in a pretensioned prestressed 
member can be determined in a similar manner to that described in 
. Section 13.2 for any level of prestress on the basis of results obtained 
from one-in. pull-out tests. Required for the calculation are the stress-
strain curve of strand and a unit bond force-s1 ip relationship which is 
characteristic both for· the strand and the concrete used. The assumptions 
on which the calculation is based are identical to those of Section 13.2. 
The anchorage length is defined as the length of strand neces~ 
sary to transfer the entire effective prestressing force of the pre-
tensioned strand to the concrete by bond@ The effective prestressing 
force is that force that acts on th~ concrete member immediately after 
the release of the prestress (i .ee the prestressing force minus the 
force lost by the instantaneous deformation of the strand and the 
concrete). 
Because of the definition of the anchorage length, the 
following boundary conditions are known: (a) At the end of the pre-
stressed member, the steel stress is equal to zero. (b) At the end 
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of the anchorage length (in the interior of the beam) the steel stress is 
equal to the effective prestress while the sl ip is equal to zero (it 
is assumed in the calculations that any bond stress, no matter how low, 
causes a relative movement between the steel and the concrete). Since 
the end conditions are known both for the steel stress and the sl ip 
at the end of the anchorage length in the interior of the beam, the 
calculation, consisting of a simple iteration procedure, is started at 
this end following a similar method as that described in Section 13e2e 
It is known that the prestressing force of the strand diminishes 
towards the end of the prestressing member while the sl ip between the 
strand and the concrete increases. The iteration process, in which the 
steel stress and the slip are determined at small intervals progressing 
from the end of the anchorage length towards the end of the prestressed 
member, is terminated by the condition that the steei stress in the 
strand becomes zero o The anchorage length is determined by the sum of 
the iteration intervals required. A detailed description of the calcu-
lation procedure is given in Appendix E.2. 
Using a typical' unit bond force-sl ip relation (the average 
,of the results of the nine pull-out tests (Fig. F.13 and F.14) prepared 
together with the prestressed beams described in Appendix F), a modulus 
of elasticity for strand of 28 x 106 psi, and an effective prestress of 
160 ksi, the calculation yielded sl ip and steel stress distributions 
within the anchorage zone as indicated in Fig. 13.5 and 13.6. The 
nearly 1 inear curve in Fig. 13.5 shows that an average bond stress could 
have been used without the iteration procedure to obtain approximately 
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the same results This is due to the approximately flat bond response 
for strand with increasing slipe 
The calculated anchorage length plotted as a function of the 
effective prestress is shown in Fig. 13.7. The curve in this figure 
could also have been obtained by a simple calculation using an average 
constant bond stress. 
In order to check the appl icabll ity of the calculation method 
based on results of one-in. pull-out tests, five pretensioned prestressed 
beams were tested as described in Appendix F. The reinforcement in the 
beams consisted of two 7/16-in. strands e In three beams, the strands 
were placed 2 in. above the bottom, in two beams 10 in. above the bottom. 
The effective prestress immediately after transfer of the prestressing 
force into the beam was approximately 160 ksi. The anchorage length 
was determined by measuring the strain distribution of the concrete at 
the level of the reinforcement. 
For teasons stated in Appendix F, the length of strand 
required to transfer 90 percent of the effective prestressing force was 
measured and called L(90)~ This value was compared with the calculated 
. results. 
Table 13.1 shows the calculated and the measured data for the 
three beams in which the strand was placed two in. from the bottom of the 
beam. The calculation was based on the average bond-51 ip curve of the 
nine pull-out tests that were performed together with the above beams 
(Appendix F, Fig. F.14). 
Before comparing the calculated with the measured data, it 
should be noted that the scatter of the measured individual values was 
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considerable, although the effective prestress and the concrete strength 
were within three percent for the three beams. The scatter was comparable 
to that encountered in pull-out tests and is credible in view of the fact 
that it is more difficult to achieve uniformity in curing and settlement 
conditions for large beams than for small pull-out specimens. The large 
influence on bond of curing and settlement was discussed in Chapters 6 
and 7 .. 
The calculated lengths L(90). were within +9, +25, and -1 
percent of the measured average length L(90) for each beam. The 
calculated s1 ip was within +9, +12, and 0 percent of the measured 
average end s1 ips As far as conclusions may be drawn from three 
tests, it appears that the calculation based on one-in. pull-out tests 
using non-pretensioned strand provided a reasonably safe estimate both 
for the anchorage ~ength and the end slip. This is consistent with the 
results found in Section 13.2 which indicated that the average bond force 
developed by.a given length of nonprestressed strand was a 1 ittle higher 
than the calculated values because the bond characteristics of one-in. 
specimens differed sl ightly from those of specimens with longer bonded 
.lengths. 
Considering the above results, it may be concluded that the 
bond characteristics of a nonprestressed strand subjected to "pull-out" 
forces do not differ significantly from those of a pretensioned strand 
subjected to "pull- in" forces. Theoret ically, the state .of the contact 
stresses between the strand and the concrete is different for both cases. 
If a nonprestressed strand is subjected to pull-out forces, the strand 
113 
diameter tends to contract due to the axial tension. Consequently, 
there should be a reduction of the compressive stress between the strand 
and the concrete. On the other hand, if a prestressed strand is- pulled 
into the concrete after the release of the external pretensioning force, 
the diameter of the strand will tend to expand due to the elastic shorten-
ing of the strand and cause the strand to wedge within the concrete channel 
(IIHoyer Effectll). The result ing radial contact pressures for full pre-
stress may be on the order of severa 1 _ thousand ps i if e 1 ast i c behav i or 
of the concrete and perfect contact is assumed. 
In practice, the contact stresses due to the Hoyer Effect 
appear to be, at least for strand, considerably smaller than assumed 
on a theoretical basis .. Concluding from the reasonably good agreement 
of the calculated and the measured anchorage length of the pretensioned 
strand as well as the calculated and the measured bond-s1 ip relation of 
the nonprestressed strand, the effect of the wedging of the strand in a 
pull-in case may apparently be neglected in practice. This assumption 
agrees with test results reported by Keuning (1962) who found that the 
difference between the bond strength of strand developed in a pull-in 
test and a pull-out test was not significant. It should also be noted 
that the steel tensile stress reached in the one-in. pull-out tests 
was less than 15,000 psi. Although the Hoyer Effect would not have 
been registered in the test results, neither would the Ilnegative Hoyer 
Effect II. 
Since the anchorage length and the end sl ip could be predicted 
satisfactorily by the iteration technique described above, it may be 
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assumed that the calculated s1 ip- and steel-stress distribution 
(Fig .. 13.5, 13.6) are fairly reliable, too" Consequently, it may 
be derived from the analytical results that the full anchorage length 
of strand, L, is on the average 
L 1.12xL(90) (13.1) 
For the two beams with the reinforcement near the top surface, 
no directly comparable results from pu'll-out tests were available to 
confirm the measured data by computed values. However, the ratio of 
the anchorage lengths and the end sl ips between the two types of beams 
with different depths of concrete under the strand showed exactly the 
same trend as the pull-out tests described in Chapter 7. Figure 7.2, 
for instance, shows that, for a s1 ip of Oe5 ina, specimeris with a 10-in. 
depth of concrete under the strand developed, on the average, only 75 
percent of the bond strength of specimens with a depth of 2 in. Com-
pared with this, the anchorage'lengths developed by the beams with the 
strand near the top surface were, on the average, 28 percent higher than 
those of the beams with the strand near the bottom. 
13 .4 Cone 1 ud i ng Remarks 
It was shown that the entire bond-s1 ip relation for any bonded 
length of a nonprestressed strand could be calculated by using the 
results of one-in. pull-out tests. It was also possible to predict, 
on the basis of one-in. pull-out tests, the anchorage length and the 
end sl ip of strand in a pretensioned prestressed member. 
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It appeared that the calculated values provided a lower bound 
to the test results. This was caused by the fact that pull-out specimens 
with a bonded length of one in. have bond characteristics that differ 
slightly from 'those of specimens with larger embedment lengths. The 
difference was explained with the effect of the 'Ilack of fit". To use 
a unit bond force-slip relation based on a larger bonded length would, 
in general, not yield any advantage because the magnitude of the unit 
bond force deviates from the true unit, bond force with increasing bonded 
length. The degree of deviation depends on the slope of the actual unit 
bond force-s1 ip relationship (see Chapter 3). 
For practical purposes, the theoretical determination of the 
anchorage length and the end sl ip in a prestressed member, based on 
results from one-in. pull-out tests, appears to be adequate. Therefore, 
it may be concluded that one-in. pull-out tests provide data that are 
appl icable directly to practical problems. Furthermore, if the bond-s1 ip 
curve from the one-in. test is, nearly flat in the range of sl ips expected 
for the case under consideration, the average bond stress from the one-in. 
test can be used directly,to determine anchorage length and sl ip. 
14. RECOMMENDATIONS FOR DESIGN 
14,.1 Introductory Remarks 
In the design of pretensioned prestressed concrete members, it 
is desirable to know the anchorage length of the prestressing reinforce-
ment as well as the build-up of the steel stresses within the anchorage 
zone in order to be able (a) to calculate the shear stresses near the 
end of the member, (b) to determine the distribution of the anchorage-
zone stresses perpendicular to the prestressing reinforcement, and 
(c) in short members, to establ ish that part of the member for which 
full prestress is avai lable. 
In the following section, recommendati6ns are made concerning 
the anchorage length of seven-wire (round wire) strand. These recommenda-
tions are based on the results of 486 pull-out tests and five prestressed-
beam tests described in this investigation as well as the results of 
several investigations carried out at other research institutions reviewed 
inC h apt e r 1. 
14.2 Basic Anchorage Length 
The anchorage length is defined as the length required to 
transfer the full effective prestressing force to the concrete by bond. 
The critical steel stress is the effective prestress immediately after 
release of the prestressing force and is less than the pretensioning 
stress existing in the prestressing bed. 
In design practice, it is tacitly assumed that there is a 
unique value for the anchorage length of a given strand at a specified 
prestress. Actually this value can va~y over a considerable range 
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depending on factors such as condition and position of the strand and 
workmanship. In order to discuss the effects of the pertinent variables, 
it is necessary to define a "basic anchorage length" for a set of 
specified conditions as follows: 
(a) The effective prestress immediately after release of the 
prestressing force is 175 ksi. This value is the maximum allowable 
steel stress for strand with a tensile strength of 250 ksi according 
to the Building Code Requirements for Reinforced Concrete (ACI 318-63, 
par a g ra ph 26 06 (a) 2 e ) G 
(b) The prestressing force is released gradually into the 
concrete member. 
corrosion. 
(c) The strand is clean, and free of oil., grease,or severe 
(d) The concrete strength at the time of release "is 4000 ps i 0 
(e) The strand is placed in a horizontal position such that 
the depth of concrete below the strand is no more than 2 in~ 
For the above conditions, the average anchorage length may 
be assumed to be 
L = CD (14.1) 
where L anchorage length, C coefficient reflecting the surface 
conditions of the strand, and D = nominal diameter of the strand. 
Results from pull-out tests performed with strand have 
indicated that C may vary for different lots of strand despite the 
specified conditions described under (c)' above. 
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Figure 14.1 shows two distributions for the anchorage lengths 
determined on the basis of individual results from pull-out tests: 
(1) The distribution indicated by the heavy line represents 
the results from 153 pull-out tests including four strand sizes (1/4, 
318, 7/16, and l/2-in. strand). The strand had been stored in the 
laboratory for periods ranging from three to five years. The surface 
had a dull, dry appearance although it could not be described as 
rusty 0 
(2) The distribution indicated by the shaded area represents 
the results from 30 pull-out tests with 7/16-in. strand (coil II) 
which had been stored in the laboratory for less than one half year. 
Its surface was very clean and shiny. 
The distributions are shown for concrete of mix A (average 
compressive strength = 5400 psi)g The anchorage lengths determined 
from tests with different concrete strengths were normal ized to a 
concrete strength of 5400 psi 0sing the relationship between concrete 
strength and anchorage length indicated in Fig. 14.2 and 14.3. 
Distribution (1) yields a mean anchorage length of 49 
'strand diameters, or normal ized to a concrete strength of 4000 psi 
(Fig. 14.3),55 strand diameters. The average basic anchorage length for 
that type of strand would therefore be 
L = 55 D (14.2) 
The variation of individual anchorage lengths expressed in 
terms of the mean plus and minus two standard deviations ranged from 
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33 to 65 strand diameters, or normal ized to a concrete strength of 4000 
psi, from 39 to 71 strand diameters. 
Distribution (2) yields a mean anchorage of 69 strand 
diameters, or for a concrete strength of 4000 psi, a mean value of 77 
strand diameters. 
The average basic anchorage length for that type of strand 
would therefore be 
L = 77 D (14.3) 
The mean plus minus two standard deviations ranged from 43 
to 96 strand diameters, or for a concrete strength of 4000 psi, from 
51 to 103 strand diameters. 
A direct comparison of anchorage lengths determined on the 
basis of results from pull-out tests using only concrete of mix A 
(average concrete strength = 5400 psi) and 7/16-in. strand from coil I 
and coil II (Table A.2) is presented in Fig .. 14.4" 
If the individual anchorage lengths of 7/16-in. strand from 
coil II measured in three" prestressed test beams, as described in 
"Appendix F, are normalized to an effective prestress of 175 ksi and a 
concrete strength of 4000 psi, the average anchorage length is found to 
be 69 strand diameters, with the individual values varying from 56 to 
90 diameters. The Ilmeas ured II anchorage 1 engt hs are th us wit hi n the 
range predicted on the basis of the pull-out tests represented by 
distribution (2). 
As demonstrated by the data in Fig. 14.4, two strands of 
presumably the same type and diameter may have different bond 
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characteristics depending on the surface conditions, even if both 
strands are termed "free of corrosion". 
The basic value IT the anchorage length for the conditions 
descr ibed above may be affected by several variables. Their influences 
will be discussed in the following sect ions. 
14.3 Effect of Strand Properties 
14.3. 1 Prestress Level 
It may be assumed that the anchorage length increases 
approximately in 1 inear proportion to the effective prestress. This 
assumption was confirmed by tests (Kaar, 1963) and computations based 
,on bond-s1 ip relationships from pull-out tests (Section 13.3, Fig. 13.7). 
14.3.2 Strand Size 
As expressed by Eq. 14.1, it may be assumed that the anchorage 
length varies approximately 1 inearly with the strand diameter. This 
reflects simply the fact that the anchorage length varies in proportion 
to the bonded area. Anchorage lengths measured by Kaar (1963) as well 
as results from pull-out tests (Chapter 5, Fig. 5.7, Fig .. 14.3) confirm 
the above assumption. 
14.3.3 Surface Conditions 
The surface conditions of the strand may have a significant 
influence on the anchorage length. 
(a) Rusted strands were found to have better bond character is-
tics than clean strand. Depending on the extent of the corrosion, the 
anchorage length for rusted strand may be up to 30 percent shorter than 
that for clean strand (Preston, 1963; Hanson, N. W.,1969). 
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(b) Surface films of grease, oil, or dirt which may be 
deposited on the strand duringhandli'ng in the prestressing plant are 
known to reduce the bond strength significantly. As a result, the 
anchorage length will be larger than that for clean strand. 
14.4 Effect of Concrete Properties 
1404.1 Concrete Strength 
Conciusions and test results concerning the effect of the 
concrete strength on the anchorage length are not quite consistent 
(see ,Section FeB.7 and Table F.4). The anchorage lengths predicted on 
the basis of bond-s1 ip relationships from pull-out tests indicate that 
the anchorage length decreases with increasing concrete strength 
(Fig. 14.2, 14.3). Kaar (1963), on the other. hand, found on the basi s 
of a large number of beam tests that the concrete strength ranging from 
1600 to 5500 psi had no significant influence on the anchorage length. 
In practice, the variation of the concrete strength will be 
relatively small since the prestress will be released as early as 
possible in most cases. The minimum allowable concrete strength at 
release of the prestress is according to the Building Code Requirements 
for Reinforced Concrete (ACI 318-63, paragraph 26i8(b)) 3000 psi for 
strand with diameters equal to or smaller than 3/8 in., and 3500 psi 
for larger strands. The Standard Specifications for Highway Bridges, 
AASHO, (Section 1.6.18), requires a minimum concrete strength at the 
time of the release of prestress of 4000 psi 0 
In view of the above, it appears advisable to neglect the 
influence of the concrete strength on the anchorage length and to assume 
the basic value for the anchorage length as discussed in Section 13.2. 
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14.4D2 Shrinkage 
Results from many pull-out tests have indicated that the bond 
strength is affected by all variables related to shrinkage such as 
curing conditions, consistency, and age of the concrete (Chapter 6). 
This is caused by the fact that the reduction of the concrete volume 
due to shrinkage initiates lateral pressures at the contact face between 
strand and concrete. These stresses result in an increase of initial 
bond strength (see Chapter 8). 
Despite the significant influence of shrinkage on the anchorage 
length, it is not possible to take its effect into account expl icitly 
for practical purposes. However, special bond tests should be made in 
case expansive or shrinkage-compensating cements are used. 
14.4.3 Age of Concrete 
The bond strength between strand and concrete was found to 
increase with the age of the concrete at which the load was appl ied 
(Section 6.5). Part of the increase is due to the increase in concrete 
strength. The greater part is attributable to shrinkage, an effect 
which appears to be dissipated over a long period of time, possibly 
. because of rel ief of shrinkage stresses. 
For practical purposes, the influence of the age of the concrete 
on the anchorage length may be neglected, since the time at which the 
prestress is released in practice varies at the most by a few days. 
According to the results described in Section 6~5, the effect of the 
age on the bond strength is hardly noticeable over such a short period 
of time. 
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14.5 Effect of Sett ement of Concrete 
Aggregates and water segregate in the early phases of the fresh 
concrete due to differences in their specific gravities. If strand is 
held rigidly with respect to the formwork during the hardening process 
of the concrete, the sol id parts of the concrete mix tend to settle 
away from the strand in the direction of gravity while the water tends 
to rise towards the top of the concrete member. This may lead to a 
reduced area and quality of concrete on that side of the strand that 
. . 
faces into the dir~ction of the gravity forces. The resulting loss 
of bond strength will depend on the amownt of settlement~ 
Settlement of concrete is affected by many parameters (see 
Chapter 7). The most significant parameter is the depth of concrete 
that settles. Results from pull-out tests (Chapter 7) and beam tests 
(Appendix F) indicated that the bond strength is reduced markedly for 
depths exceeding two in. of concrete below a horizontally placed strand. 
Based on the results of Fig~ 7~2 and Table F.2~ the following 
percentages of the basic value of the anchorage length are recommended 
with respect to the depth of concrete below the strand (Fig. 14 0 5) 
(1) De pt h < 2 in. lO~1a of basic value 
( 2 ) De p t h > 1 2 in. l4~1a of basic value 
For depths ranging from 2 to 12 in., values for the required anchorage 
lengths may be obtained by a 1 inear interpolation. 
Draped strands may be treated as horizontal strands. An 
average depth of concrete may be assumed within the anchorage zone. 
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For strands prestressed in the vertical direction, no test 
data are available. Concluding from results obtained with deformed 
bars, an increase of the basic value of the anchorage length by at 
least 40 percent seems to be advisable. 
14.6 Effect' of~Lateral Pressure 
Lateral compressive stresses acting perpendicular to the 
contact face between strand and concrete were found to have a signi-
ficant influence on the bond strength (Chapter 8). Although no direct 
results concerning the anchorage length are available, it may be 
expected that the anchorage length is influenced to the same extent 
.by lateral pressure as the bond-sl ip relationships developed in pull-
out tests. 
In practice, lateral compressive stresses perpendicular 
to the strand in the anchorage zone may be caused by various sources 
such as support reactions, lateral prestressing forces, or shrinkage 
deformations. Since it is difficult to predict the stress conditions 
at the contact between strand and conctete, the consideration of the 
beneficial influence of lateral stresses on the anchorage length does 
not seem to be justified unless tests under similar stress conditions 
show otherwise. 
14.7 Effect of Time 
Bond between strand and concrete is provided by two mechanisms: 
(a) mechanical interlocking between the microscopically rough strand 
surface and the concrete which does not permit any measurable s1 ip, 
and (b) a friction mechanism between two s1 iding contact surfaces 
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after the interlocks have sheared off (see Chapter 11 and 12). During 
the frictional phase, the strand must wind or twist itself through a 
rigid predetermined concrete channel G Although the torsional stiffness 
of the strand is too small to cause a significant increase of contact 
pressure between the strand and the concrete to increase the bond 
strength, it was found that sl ight variations of the pitch or the 
diameter of the strand along its axis causes wedging of the strand. 
This lack-of-fit effect, which increa?es with the sl ip, causes the 
bond strength to increase after the interlocks have sheared off. In 
contrast to that, the bond stress of plain wire drops immediately after 
the shear failure of the interlocking keys because wire does not 
exhibit this lack-of-fit effect. Typical bond-s1 ip ,relations for strand 
and plain wire are shown in Fig. B.l. 
Pull-out tests subjected to sustained loading over a period 
of 15 months have impl ied that the initial interlocking bond strength 
may decay with time. In seri~s SBL12-1, the strand started to slip 
after a period of one half year. This may have been due to a gradual 
reduction of contact stresses between strand and concrete due to creep 
and the formation of shrinkage cracks. The reduction may be as large 
as 20 to 30 percent. 
The frictional bond of strand at large slips appears to be 
less sensitive to time under sustained loading than the initial bond 
because the lack-of-fit effect which is responsible for the relatively 
high bond strength at large sl ips depends more on geometric conditions 
and less on the state of lateral stresses. Pull-out specimens that 
126 
have sl ipped under sustained loading seemed to reach a state of 
equil ibrium at a slip of approximately 0,,1 in. 
The end sl ip of strand caused by the transfer of the prestress 
is on the order of 0.05 to 0.1 in. depending on variables such as 
level of prestress, size of strand, or type of release. With the assump-
tion that the bond strength due to sustained" loading is reduced by 5 
percent at a s1 ip of 0.1 in. and by 20 to 30 percent at a sl ip of 0.0001 
in., the average bond strength affecting the anchorage length may be 
assumed to be reduced by 10 to 15 percent if the slip distribution 
within the anchorage zone is taken into consideration. Accordingly, 
the anchorage length of strand may possibly increase under sustained 
loading by 10 to 15 percent. 
A definite increase of the anchorage length of strand with 
time has not been observed over periods up to one year (RUsch, 1963; 
Kaar, 1963; Appendix F). It must be noted, however, that in the tests 
the prestress decreased with time due to shrinkage and creep of the 
concrete and relaxation losses in the strand. This loss of prestress 
may balance the reduction"of the bond strength. Kaar (1963) adjusted 
"the anchorage lengths measured at certain time intervals to the original 
prestress and found that the average increase of the anchorage length 
would be approximately 6 percent, the maximum increase 19 percent. These 
values, however, were not observed actually. 
The influence of time on the anchorage length of plain 
prestressing wire may be more significant than that for strand. As 
pointed out above, frictional bond of plain wire is not improved by 
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the lack-of-fit effect. Consequently, the bond stresses depend on 
lateral stresses throughout the whole range of sl ip. The reduction 
of the bond stress, or the increase of the anchorage length, may there-
fore be expected to be possibly as much as 20 to 30 percent if the same 
assumptions are made as for strand. 
Test results reported in 1 iterature vary considerably. 
Ros (1946) reported that the anchorage length of 2- and 3-mm wires 
doubled with time. Marshall (1949), ~md Evans (1955) found an approxi-
mately lOa-percent increase in the anchorage length of plain 0.08-in. 
wire over a period of one year. On the other hand, Base (1957) 
reported that the anchorage length of plain 0.2-in. wire increased very 
1 ittle over a period of one half year. RUsch (1963) found no increase 
in the anchorage length ofplain2-mm wire over a period of three months. 
On the basis of the understanding of the bond mechanism 
developed in this investigation and the evidence provided by Ros (1946), 
Marshall (1949), and Evans (1955), it would not be unreasonably conser-
vative tO,assume that the anchorage length for wire would increase with 
time by as much as 100 percent. 
14.8 Effect of Workmanship 
14.8 .. 1 Vibration 
Bond-s1 ip relationships from pull-out tests indicated that 
omitting vibration of the concrete may lead to a reduction of the bond 
strength by as much dS 40 percent (Fig. 7.2). In order to ensure a short 
anchorage length, the vibration of the concrete in the anchorage zone 
should be carried out with special care. 
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14.892 Release of Prestress 
The anchorage length was found to be sensitive to the manner 
of release of the prestressing force by several investigators (Kaar, 
1963; RUsch, 1963; Hanson, N. W.,1969). Releasing the prestress 
gradually resulted in the shortest anchorage length. Cutting the strand 
increased the anchorage length to a maximum; The difference was found 
to be as high as 20 percent for strands up to l/2-in. diameter, and as 
high as 30 percent for 6/l0-in. strand· (Kaar, 1963) .. 
1409 Concluding Remarks 
Although the anchorage length depends on many parameters which 
-cannot be controlled by the designer, a knowledge of the range of the 
anchorage length that may be expected under certain circumstances is 
required in design of pretensioned prestressed structures. 
The average anchorage length may be estimated by the following 
expression. 
f 
se 
L = ABC D 17~ (14.4 ) 
where L anchorage length in in. 
A = Factor reflecting the depth of concrete below the strand 
(Section 14.5). This factor may range from 1.0 to 1.4. 
B = Factor reflecting the type of release of the prestress 
(Section 14.8.2). This factor may vary between 1.0 and 1.3. 
Assuming that the strand is cut after careful preheating of 
the strand, an average value of 1.1 may be assumed. 
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C = Factor reflecting the surface roughness of the steel. Its 
value is discussed in Section 14.2. 
o nominal strand diameter in in. 
f effective prestress in the strand immediately after release 
se 
of the prestress in ksi. 
Other factors than those given in Eq. 14.4 are more difficult 
to quantify. It is possible, however, since the qual ity of the workman-
ship is of great significance for a short anchorage length, to demand 
a tight control over it by the manufacturer. 
In general, the designer does not know the surface conditions 
of the strand which is going to be used in the structure. Consequently, 
he has to use a safe value for the coefficient C. On the basis of the 
results described in Section 14.2 and anchorage lengths measured in 
beams (Table F.4), a value of C = 70 appears to be adequate. Thus, 
the anchorage length' may be est imated by the express ion 
L 
f 
se 70 A B D 175 (14 .. 5) 
It should be emphasized that this equation refers to an average value. 
In choosing an anchorage length, t~e designer should consider the 
significance of an overestimate of the bond strength on the safety 
and serviceabil ity of the structure. In investigating shear stresses 
near the supports, it would not be overconservative to increase the 
value given by Eqo 14.5 by 50 percent. On the other hand, in investi-
gating anchorage-zone stresses, the value given by Eq. 14.5 should be 
reduced by 50 percent. 
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In case the information concerning the anchorage length of 
prestressing strand under a given set of conditions is not sufficient, 
it is advisable to perform a series of pull-out tests as described in 
App~ndix A under the conditions for which the information is required 
and use the average bond-s1 ip relationship to estimate the anchorage 
length. SinEe the bond-slip relationship of strand is generally a 
fairly flat curve, a good estimate of the anchorage length may be 
obtained by using an average unit bond· force. 
150 SUMMARY 
The main objective of this investigation was to develop a 
fundamental understanding of the nature of bond between strand and 
concrete and to establ ish the effects of various parameters on the 
anchorage length for prestressing strand. 
The experimental part of this investigation consisted of 486 
pull-out tests and five prestressed-beam tests. With a few exceptions, 
the pull-out tests had an embedment length of one in. in order to 
obtain bond-s1 ip relationships that were nearly independent of the 
bonded length and characteristic for the strand used. 
A hypothesis was developed to describe the nature of bond 
between strand and concrete. It was shown that the test results of the 
one-in. pull-out tests could be appl ied directly to practical design 
problems. Recommendations for the anchorage length of strand in pre-
tensioned prestressed beams are made on the basis of data from pull-out 
tests as well as beam tests. 
The hypothesis on the nature of bond between strand and concrete 
may be summarized as follows: 
(1) Bond between strand and concrete is provided by 
two mechanisms: (a) a physical interlocking between the micro-
scopically rough steel surface and the surrounding concrete and 
(b) a frictional mechanism between two sl iding contact surfaces 
after the original interlocks have sheared off. No significant 
sl ip (less than 0.0001 in.) takes place during the initial 
interlocking phase. 
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(2) During the frictional phase, the strand s1 ips .. Be-
cause of the hel ical arrangement of the exterior wires, strand 
rotates while sl ipping through the concrete channel .. The 
maximum torsional moment created by this rotation was found to 
produce contact pressures between the strand and the concrete 
that were too sma 11 to cause a s i g·n i f i cant increase in bond. 
(3) Ideally, the bond characteristics of a perfectly 
made strand (if every cross section along the length of the 
strand is identical) should be similar to those of plain 
wire. However, s1 ight irregularities in the arrangement of 
the exterior wires result in wedging of the strand in the 
concrete channel .. This deformed-bar effect acts only during 
the frictional phase and increases with the slip. 
The bond-slip characteristics of strand as measured in the 
pull-out tests were found to be influenced by the following variables: 
(4) Strand diameter: The bond strength per unit length 
of strand increased approxim~tely in 1 inear proportion to the 
strand diameter which was varied in this investigation from 
1/4 to 1/2 in. 
(5) Concrete strength: The bond strength of strand 
increased by approximately ten percent per 1000 psi of concrete 
compressive strength. The range of concrete strengths in 
the tests varied from 2400 to 7600 psi. 
(6) Shrinkage: The lateral pressure due to shrinkage 
acting normal to the surface of the embedded strand increased 
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the bond strength markedly. Therefore, all parameters 
investigated that varied with shrinkage were found to affect 
the bond strength. Such variables were consistency, curing 
conditions, and age of the concrete. 
(7) Settlement of Concrete: The bond strength of strand 
held in a horizontal position during casting decreased rapidly 
1.1 ~ +- h 
VV I I. I I increasing depth of concrete below the strand due to 
settlement of the fresh concrete. A depth of concrete of six 
in. below the strand caused the bond strength to drop by as 
much as 30 percent with respect to that obtained for a concrete 
depth of two in. Beyond a concrete depth of ten in., the bond 
strength tended to approach a constant value. The maximum 
observed reduction of the bond strength was approximately 35 
percent with respect to the average bond strength developed for 
a depth of two in. 
(8) Lateral pressure: Results from pull-out specimens 
subjected to externally appl ied lateral pressures ranging from 
zero to 2500 psi. indicated a linear increase of the bond strength 
of strand with the lateral pressure. The effect was greater for 
the initial bond strength (interlocking phase) than for the 
frictional phase. 
(9) Time effects: (a) The effect of the age of the 
concrete was not investigated systematically. However, the 
available test data indicate that the initial bend strength 
may increase during the first 20 to 50 days and then decrease 
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againe At a concrete age of 15 months, the initial bond 
strength was almost identical to that developed at an age of 
eight days. (b) Under sustained loading, the initial bond 
strength appeared to decay. The reduction of the initial bond 
strength which may take place as late as one half year after 
the appl ication of the load may po~sibly be as high as 30 
percent .. The bond strength at large sl ips (0.1 in.) was less 
sensitive to sustained loading. 
A major objective of this investigation was to apply the 
results from the pull-out tests directly to practical problems. 
(10) With the aid of a simple iteration procedure,and the 
results from one-in. pull-out tests, it was possible to predict 
the measured bond-s1 ip relationship, both for the attack-end 
and the trail-end slip, for any given bonded length of strand 
subjected to pull-out forces. 
Using the same procedure it was possible to calculate the 
anchorage length of strand in a pretensioned prestressed beam 
for any given prestress. The results demonstrated that data 
from one-in. pull-out tests with nonprestressed strand can 
be used directly to determine the anchorage length of a 
prestressed strand. 
On the basis of results from pull-out tests, and prestressed 
beam tests conducted during this investigation and in other laboratories, 
the following recommendations may be made with respect to the anchorage 
length of strand: 
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(11) The anchorage length is a direct function of the 
strand diameter and the prestress. The average anchorage 
length, L, may be expressed as 
L 
f 
se 
70 A B D 1 75 (15.1) 
where A = coefficient reflecting the settlement of the concrete 
(range: 1.0 to 1.4, depending.on the depth of the concrete 
below the strand); B = coefficient reflecting the type of 
release of the prestress (range: 1.0 to 1.3); D = nominal 
strand diameter, f = effective prestress (in ksi) immediately 
se 
after release of the prestressing force. 
Equation 15.1 represents 0n average"value based on 
laboratory tests without representing factors SllCh as surface 
conditions of the strand, concrete properties, and qual ity of 
workmanship. According to observations made with pull-out 
tests, the average anchorage length may vary under field or 
plant conditions 'from values 50 percent smaller to 50 percent 
higher than that suggested by Eq. 15.1. 
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Table 13.1 
COMPARISON OF EXPERIMENTAL AND CALCULATED DATA FOR 
PRESTRESSED BEAMS 
Prestress before Release (ksi) 
Effective Prestress (ksi) 
L(90) measured 
at Release End (in.) 
L(90) measured 
at Fixe dEn d (i n .. ) 
Measured Average 
L(90) (in.) 
Calculated L(90) (in.) 
End Slip measured 
End Sl ip measured 
at Fixed End (in.) 
Measured Average 
,E nd S 1 i p (i n • ) 
Calculated 
End S 1 i p (i n .. ) 
South 
North 
South 
North 
South 
South 
North 
PBB -1 
169 .. 7 
161 .4 
22 
21 
24 
22 
22.5 
24.6 
0 .. 068 
0.071 
0.073 
0.069 
0.075 
Beam 
PBB-2 
168.7 
160.8 
20 
20.5 
19 
18 
19.4 
24.3 
0.051 
0 .. 075 
0 .. 062 
0.064 
0.072 
PBB -3 
165,,7 
157.5 
23.5 
20 .. 5 
24 
28 
24 .. 0 
23.8 
0.076 
0.071 
0.070 
0.070 
0.070 
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FIG. 1.1 CROSS SECTION OF STRAND CAST IN 
CONCRETE 
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FIG. 8.7 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. 
STRAND FOR VARIOUS LATERAL PRESSURES, SERIES: SBP24-1 
c 
........ 
.0 
.. 
m 
(.) 
'-
o 
u.. 
'"C 
c::: 
o 
CD 
3000 
2000 
1000 
178 
b. fe
l
15 = 6600 psi 
o fc~2 = 6450 psi 
o fd23 = 5340 psi 
" f ~24 = 8670 psi 
Appl ied Lateral Pressure, psi 
FIG. 8.8 VARIATION OF UNIT BOND FORCE WITH LATERAL PRESSURE FOR 
7/16 ... 1n. STRANO, SERIES: SAP15-1, SAP22-2, SAP23-3, 
SAP24 ... 1 
-::J 
o 
f 
<P 
U 
~ 
o 
LL 
-::::J 
o 
::J 
a.. 
179 
_pi I 
31 
-p' 11 I 
21 I 
i I 
I I 
Plain Wire 
1000 1500 200025003000 3500 0'"2 (psi) 
Strand 
© 
1500 2000 2500 Ci 2 (psi) 
Time 
FIG. 8.9 TYPICAL FORCE-TIME CHARTS AS RECORDED BY THE TESTING 
MACHINE FOR SPECIMENS WITH PLAIN WIRE AND STRAND WHICH 
WERE SUBJECTED TO LATERAL PRESSURE(rr2) 
c 
~ 
'0 
.. 
C. 
en 
fe' = 6000 psi 
-4 
-2 
0 
2 
4 
6 
8 
10 
12 
14 
16 
~:~ 
I 1 220 2 4 
180 
I 
6 8 
fe' = 7140 psi 
~ 
Sustained Load as 
Fraction of Initi 01 
Bond Strength l 
o 80 OJo 
I 95 OJo 
Ai. 70 OJo 
• 90 OJo 
t:,. 105 OJo 
o 85 OJo 
" 60 OJo 
v 100 OJo 
ii. 110 0/0 
115 OJo 
10 12 14 16 
Time, Weeks 
FIG. 9 .. 1 SLIP-TIME RELATIONSHIPS OF 7/16 ... in .. STRAND 
FOR VARIOUS LOADS, SERIES: SAL12-1 
181 
80 
r-8 in.-1 
60 -t~-Y-
IlC) 
·0 
c 40 
0 
10.. 
-CJ) 
I 
fc 12 = 6000 psi 
20 f~ 129 = 7140 psi 
4 8 12 16 20 24 
Time After Casting, Weeks 
FIG. 9.2 INCREASE IN SHRINKAGE STRAIN DURING SUSTAINED-LOAD 
TEST, SERIES: SAL12 ... 1 
182 
f~ = 6500 psi f~ = 7000 psi 
0.00001 --..................... ----...,....---,..------,---....,.....----, 
0.0001 
c 
... 0,001 
c.. 
(J) 
0,01 
0.1 
o 10 20 
~ 80 '70 
85 '70 
90 '70 
Sustained Load as 
Fraction of Initial Bond 
St rength 
30 40 50 60 
Time; weeks 
70 
FIG. 9.3 SLIP-TIME RELATIONSHIPS OF 7/16-in. STRAND FOR 
VARIOUS LOADS, SERIES: SAL11-2 
0.. 
(J) 
183 
f~= 8700 psi f~= 8800 psi 
o .00001 r--n---r--...,....--...,--_~---r----r"'""-~ 
0.0001 
0,001 
0,01 
0,1 
a 
rl~~ :'0 
/ 
Ion U/ 
;' V 10 
I ;' 
Sustained Load as 
Fraction of In it lal 
Bond Strength 
/-100 "70 
/ /95 "70 
I ! 
;' / r- 90 . "70 
/ '/ 
:' / / 
/" /" /t' 
/,1 
.I I 
/ 
10 20 30 40 50 60 
Time, weeks 
70 
FIG. 9.4 SLIP-TIME RELATIONSHIPS OF 7/16-in. STRAND 
FOR VARIOUS LOADS, SERIES: SBL12-1 
0 
c 
--.. 80 OJo Sustained Load as Co 
en 85 '70 Fraction of Initial 0.01 L90 '70 Bond Streng th 
Time, weeks 
FIG. 9.5 SLIP-TIME RELATIONSHIPS OF 7/16-ln. STRAND FOR VARIOUS 
LOADS II SER XES: SAL 11 ... 2 
0,01 
0.. 0.02 
(f) 
0,03 
Sustained Load as / 
Fraction of Initial / // 
Bond Strength 90 "70' .J/'l 
95 '70~ 
100 "70 
0,04 L...-__ ..J........ __ .....I..-__ -'-__ ....I-__ --b. __ --'-__ ---' 
o 10 20 30 40 50 60 70 
Time, weeks 
FIG. 9.6 SLIP-TIME RELATIONSHIPS OF 7ii6-in. STRAND FOR VARIOUS 
LOADS, SERIES: SBL12-1 
185 
i 
FIG. 9.7 TYPICAL CRACKS ALONG BONDED LENGTH OF 
SPECIMENS FROM SERIES SAL11-2 
FIG. 9.8 TYPICAL CRACKS ALONG BONDED LENGTH OF 
SPECIMENS FROM SERIES SBL12-1 
C ircumferentia I 
Stress 
186 
4 in. 
Cross Section of Specimen 
Showing Circumferential 
Stresses 
·r- 4in. ~ 
FIG. 9.9 THEORETICAL DISTRIBUTION OF CIRCUMFERENTIAL 
STRESSES IN THE CONCRETE DUE TO SHRINKAGE 
60 
In 
o 
C;; 40 
o 
"-
-(f) 
20 
10 
~8in.~ 
~==iJ-
20 30 
fe',,:: 6500 psi 
fe '451:: 7000 psi' 
40 50 
Time After Casting 1 weeks 
60 70 
FIG. 9.10 INCREASE IN SHRINKAGE STRAIN DURING SUSTAINED-LOAD 
TEST, SERIES: SAL11 .... 2 
60 
.. 40 
c 
o 
"-
20 fe "2 :: 8700 psi 
fe' 446 :: 8800 psi 
50 60 
Time After Costing, weeks 
70 
FIG. 9.11 INCREASE IN SHRINKAGE STRAIN DURING SUSTAINED-LOAD 
TE S T, S E R IE S : S B L 1 2 -1 
188 
16 
CIt 114 - in. Strand 
0 3/8 - in. 
0 7/16- in. 
VI 12 
" 
1/2 - in. QJ 
QJ 
la.. 
Ol 
QJ 
"C 
c: 
0 8 
-0 
-0 a::: 
'+-
0 
Q) 4 
C'l Eq. 10,1 
c 
« 
0 
0 0.04 0.08 0.12 0.16 
Slip, in. 
FIG. 10., 1 AVERAGE ROTATION-SLIP RELATIONSHIPS FOR 
DIFFERENT STRAND SIZES 
c 
........ 
..c 
... 
Q) 
(.) 
b-
o 
LL 
"0 
C 
o 
ro 
-
189 
Slip, in. 
(a) Concrete specimens free to rotate: 
(1) n = 0°, 3 tests 
(2) Ct = l1Q; 3 tests 
(3) a = 28°, 3 tests 
(4) a = 38°, 4 tests 
(5) a = 44°, 1 test 
(b) Concrete specimens restrained from rotation 
(6) a = 37°, 2 tests 
(7) a = 46°,1 test 
FIG. 10.2 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 
5/16-in. SQUARE BARS FOR DIFFERENT TEST CONDITIONS, 
SERIES: QB09-1 
c 
......... 
.c 
-
3000 
2000 
0.04 
190 
0.08 
Slip, in. 
0.12 
(a) Concrete specimens free to rotate 
(1) a = 00, 3 tests 
(2) a = 11°, 3 tests 
(3) a = 28°, 3 tests 
(4) a = 38°,4 tests 
° (5) a = 44 , 1.test 
0,16 
(b) Concrete specImens restrained from rotation: 
(6) a = 37°, 2 tests 
(7) a = 46°, 1 test 
FIG. 10.3 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 
5/16-in. SQUARE BARS FOR DIFFERENT TEST 
CONDITIONS, SERIES: QB09-1 
c: 
o 
-
20 
191 
Concrete Specimens 
Restrained from Rotation 
o 
-
o~----------------------------------~----~ o 
0:: 
(5 
Q) 
Cl 
c: 
<t 20 
10 
Concrete Specimen 
Fre e to Rotate 
0.08 
Slip, in. 
0.12 0.16 
FIG. 10.4 AVERAGE ROTATION-SLIP RELATIONSHIPS OF TWISTED 
5/16-ln. SQUARE BARS FOR DIFFERENT TEST CONDITIONS, 
SERIES: QB09-1 
500 
_ 400 
(f) 
(f) 
~ 
-en 300 
"'C 
c: 
o 
CD 200 
19·2 
7- Wire II Straight Strand II (3 tests) 
3 - Wire II Stra ight Stra nd /I (2 tests) 
IO:t _________ ~~~L __ S_i_ng_l_e_w~ire_._(~12 __ te_s_ts_) __ ~ __ ~ __ I_~_~~ 
0.0001 0.001 0.01 0.1 
SI ip, in. 
FIG. 10.5 AVERAGE BOND STRESS-SLIP RELATIONSHIPS FOR "STRAIGHT" 
,; 1000 
o 
to... 
If 
'"C 
c:: 
o 
CD 
(NONTWISTED) STRAND AND PLAIN WIRE, SERIES: UAQ9 ... 1 
7- Wire 7/16- in. Strand (35 tests) 
7- Wire "Straight Strand (3 tests) 
3- Wire "Straight" Strand (2 tests) 
O--------~--~----------~--------~--~-----0.0001 0.001 0.01 
Slip, in. 
0.1 
FIG. 10 .. 6 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS FOR "STRAIGHT" 
(NONTWISTED) STRAND AND REGULAR 7/16-in. STRAND, SERIES: 
UAQ9 ... 1 
" 
193 
7/16- in. Strand, Coi I I 
1000 
c 
"" 
800 
..0 
... 
4V 
U 
lI... 
0 
1..L 
/" '\ 7- Wire Straight Strand 
/"...,../ ~7/16-.in. Strand, Coil n 
,/ 
-c ./' 
c: 
0 
00 
c 3- Wire Straight Strand 
:J 
200 
,16 
Slip,in. 
FIG. 10.7 COMPARISON OF UNIT BOND FORCE-SLIP RELATIONSHIPS OF 
"STRAIGHT" (NONTwISTEO) STRAND, REGULAR ii16-in. 
STRAND, AND PLAIN .CENTER WIRE FROM 7i16-1n. STRAND, 
S ER IES: UA09-1 
194 
( a) Contact Between' Two Solid Bodies 
( b) Contact Between Steel and Concrete 
(c) Forming of a Shear Plane in The Concrete 
(d) Forming of a Layer of Abrasive Wear Particles 
FIG. 11.1 ASSUMED PHASES DURING A BOND FAILURE BETWEEN STEEL AND 
CONCRETE 
195 
1200 
800 4:: = 2000 psi (4 tests) = 1000 psi (5 tests) = o psi (9 tests) 
400 
(J') 
0-
ur (J') 
Q) 
"-
-(f) 
"'0 0 c:: 
fc
l
66 = 8220 psi 0 CD 
1200 
/r- ""2 = 2000 p;i (3tests) 
~ ""2 = 1000 psi (2 tests) 
800 / r <72 = 0 psi (3 tests) 
/ / 
/':1/' . 
/ 
Bond 
" ~ Transition 
4QO " r- Friction 
Interlocking 
Slip 
Slip, in. 
FIG. 11.2 AVERAGE BOND STRESS-SLIP RELATIONSHIPS OF CENTER WIRES FROM 
7/16-ln. STRAND FOR VARIOUS LEVELS OF LATERAL PRESSURE, 
SERIES: WAP15-1, WAP17-2, WBP66-1 
196 
. - b. .••. 
·"concrete Ci)( :; C TXY 
! 
Txy 
Ciy 
· J r -
cry 
Txy 
f 
CiX=CT xy 
( a ) ( b ) 
FIG. 11.3 SIMPLIFIED STRESS CONDITIONS IN AN INTERLOCKING CONCRETE 
SHEAR KEY 
(/) 
c. 
5000,. ----------r----------.----------~----------
4000 
3000 
2000 
1000 
f t = 400 psi 
O~--------~----------L---~----~--------~ 
o 1000 2000 3000 4000 
cry , psi 
FIG. 11.4 SHEAR STRESS vs.LATERAl PRESSURE FOR DIFFERENT VALUES OF C 
FIG. 11 G 5 
0.80 
+-
c: 
Q,) 
() 0.60 
'to-
"6-
Q,) 
0 O.40~ U c: 
0 
..... 
() 
""" IJ... 
0.20 
Deformed 
Bar 
197 
<:) Cl 
, c.!> • 
? ~ Tensile Cracks 
Q~ () 0 
" .. I!J 
" "-
'·'r ,,'\ .~ Splitting Forces 
<:I .~O 
-0 ~ 
. • • Shear Forces 
o ' a 
o 
b 1,\ 
Concrete 
. 0 
o 
BONO MECHANISM FOR A DEFORMED BAR 
0 f~16= 6100 psi 
• f ~66:: 8200 ps i 
• 
• 0 
• &; ~ e' 
0 Qj ~ • • 8 
• 
0 
I 
-i 
~ 
~ 
O~--------~~------~----------~---------L--~ o 1000 2000 3000 4000 
Applied Lateral Pressure, psi 
FIG. 11.6 VARIATION OF FRICTION COEFFICIENT WITH LATERAL 
PRESSURE AFTER A SLIP OF 0.15 in. HAD DEVELOPED 
198 
0.60 rr-----,..-------..,------..,------,.------r------r--=t 
-0 0.40 
c: 
o 
-U 
0.20 
0 
0 2 
Number of 
f~16 = 6100 psi 
.. (e66 = 8200 psi 
3 4 5 6 
Pressure Increases 
FIG. 11.7 VARIATION OF FRICTION COEFFICIENT WITH THE NUMBER OF 
PRESSlI\E INCREASES 
199 
o 
L.._..J 
(0) ( b ) 
FIG. 12.1 A CONCEPTUAL MODEL FOR INITIAL BOND OF STRAND 
200 
1200 
fe
l 
= 8 
5400 psi 
0 
1000 0 0 ~ 
0 Eb 
c 8 ~ ......... 
..c 800 ~ QJ 
(,) 8 ~ If 0 9 
-C 600 0 0 c 
0 0 
CD § 
-
0 
c 0 
:::) 
400 
0 
:;:: 
c 
Calculated 
Relationship 
200 
I 
0 1 
0 1 :3 7 1 
"4 8" 16 "2 
Strand Diameter, in. 
FIG. 12.2 INITIAL UNIT BOND FORCE vs.STRAND DIAMETER 
201 
4000r-------~------~------~------~------~------__ 
... :3000 
"'C 
c: 
o 2000 CO 
o 
1000 
• 
o • Calculated Relationship 
o 0 
• 
b,. 
/:::,. f~ 15 = 6600 psi 
0 f ~ 22 = 6450 ps i 
0 f~ 23 = 5340 psi 
1& f ~ 24 = 8670 psi 
I ! 
1000 2000 3000 
Applied Lateral Pressure, psi 
FIG@ 12~3 INITIAL UNIT BOND FORCE OF 7/16-in. STRAND vs.APPlIED 
LATERAL PRESSURE 
202 
500 ----------------~--------~------_r------~r_------~--~ 
c 400 0 
...... 
.0 
... 
(J.) 0 (,) 0 !.... 300 0 
LL 0 
"'C 
c: 0 0 
CD 0 
+- 200 
c 
::J 0 
0 
+= Re!ationship 
s:: 100 
10 20 30 40 60 
Twist Angle ex: , Degrees 
. FIG .. 12.4 INITIAL UNIT BOND FORCE vs. TWIST ANGLE FOR 5/16-in. SQUARE 
BARS 
203 
x 
( a ) 
FIG. 12.5 A CONCEPTUAL MODEL FOR SLIDING BOND OF STRAND 
Q 
Q 
('T a 
: I 
_.-.1._ i 
.......... _._ ...... L. 
Q 
FIG. 12.6 ASSUMED FORCE DISTRIBUTION ON CROSS SECTION OF 
SQUARE BAR DUE TO UNTWISTING OF THE BAR 
204 
120 
I:: 
, 
~ 
... 
..:st.': 
...... 80 t: 
0 
...... 
(/'J 
c::: 
0 
U 
01 40 
c::: 
~ 
a. 
(f) 
70 
Twist Angle a degrees 
FIG. 12.7 VARIATION OF SPRING CONSTANT k WITH TWIST ANGLE a 
OF 5/16-ln. SQUARE BARS 
c::: 
3000 
"-
..c 
CD 
u 
II-
0 
IJ.. 
-C 
c::: 
0 
CD 
" ...... 
c::: 
:::::> 
0 
0 
FIG. 12.8 
0.04 
a = 46° ( I Tes t) 
Relat ionships 
0.08 0.12 
SI i p, in. 
0.16 
CALCULATED vs.MEASURED BOHD-SlIP RELATIONSHIPS 
OF TWISTED 5/16-ln. SQUARE BARS, SERIES: QB09-1 
upper 
.. Machlne 
Head 
\
sca\e snowing Rotation 
in Oegrees . 
\ 
Thrust Bearings 
Free Lengtn of strand 
\ l Lower Mach\ne 
Head 
FlG. \2.9 TEST SETUP FOR OETERt'llNATlOtl OF ROT",TlOtl"'L STlFFtlESS Of 
s1RAMD 
c 
0-
Cf) 
206 
16 L = 14,4 in. 
0.25 / 
0.20 (/) Q,) 12 
Q,) 
"'" Ol 
Q,) 
"0 
0.15 c 0 
..... 
0 8 ..... 
0 
0:::: 
0.10 
.... 
0 
W 
0'1 
C 4 c::( 
0.05 
o&-----~----~------~----~----~----~ 
o 20 40 60 80 100 12.0 
Torsional Moment, I bin. 
FTG. 12.10 A"EkAGE MOMFNT-ROTATIOt\j RELATTONSHI PS OF 
7/16-in. STRAND ~OR VARIOUS LENGTHS OF STRAND 
c 
" .0 
Q) 
U 
"'-0 
IJ.. 
"0 
C 
0 
CD 
-c 
::J 
r D =3d ~ 
I r--- t = 2.5 d ----1 I 
Q 
Q 
FIG. 12.11 ASSUMED FORCE DISTRIBUTION ON CROSS SECTION 
DUE TO UNTWISTING OF STRAND 
1200 1 
1001 
800 
400 
200 
FIG. 
0.04 
TYPICAl.. 
Strand, Coil I 
7/16- in. Strand, Coil IT 
0.08 
Slip, in. 
(35 tests) 
(18 tests) 
fe
l ~ 5500 psi 
BOND-SLIP RELATIONSHIPS 
AND CENTER WIRE FROM THE SAME STRANO 
I 
J 
0.16 
STRANO 
FIG. 12.13 RANDOM CROSS SECTION, A, THROUGH PULL-OUT 
SPECIMEN OF SERIES SA09-18 
FIG. 12.14 CROSS SECTION THROUGH THE SAME SPECIMEN AS 
SHOWN IN FIG. 12.13 LOCATED ONE in. FROM 
CROSS SECTION A 
209 
<@r-
() QI'rJ 
I ~I /\r..D24 I i ~ I in. 
0,01 in, I Sample I 
0,01 in.I 
"",.--~" .... " . ===- -'" . 
-----
Sample 2 
FIG. 12.15 RELATIVE VARIATION OF STRAND DIAMETER 
( a ) 
o () () () tr 0 () 
C., iii ,,' 0 d I) 
~~ 
( b) 
FIG. 12.16 FAILURE PlANES RELATED TO THE SURFACE 
ROUGHNESS OF THE STEEL 
0,08 
0,06 
c: 
.. 0.04 
a. 
en 
0,02 
4 
210 
O,05-in. Trail- End Slip 
/i o,OI-in. O.OOOl-in. 
8 12 
Bonded Length, in. 
16 20 
FIG. 13.1 CALCULATED SLIP DISTRIBUTION ALONG BONDED LENGTH 
FOR VARIOUS TRAIL-END SLIPS 
10,000 
8000 
..c 
-.. 
OJ 6000 (.) 
'-~ 
"0 
c: 4000 Trail- End Slip 0 
CO 
O,IO-in. 
2000 
o~ ______ ~ _______ ~ ______ ~ ______ ~ ______ ~ __ ~ 
o 4 8 12 16 20 
Bonded Length,in. 
FIG. 13.7 CALCULATED FORCE DISTRIBUTION ALONG BONDED LENGTH 
FOR VARIOUS TRAIL-END SLIPS 
211 
16,000,..--------=;1"""""'"-------,..----------
~,ooo 
..0 
.. 
B 8000 
10.. 
~ 
'"0 
c ·6000 
o 
m 
Calculated Relationships 
Measured Relationships 
Bonded Length = 20 in. 
----
---
--- --- -- --- ....,.". 
15 in. 
---
3 in. 
---
----
Tro·iI - End Slip, in. 
FIG. 13.3 CALCULATED AND MEASURED BOND FORCE V$. TRAIL-END 
SLIP, SERIES: SA09 ... 18 
..c 
... 
Q) 
u 
"'" tf 
"0 
c: 
0 
CO 
212 
16,000"..,....-------.,..------...,..-------.,.----
14,000 
12POO 
10pOO 
8000 
6000 
4000 
2000 
-----
Calcul ated Relationships 
Measured Relationships 
3in. /'" 
S · / In . .( 
/ 
/ 
.,/ 
./ 
15 ini 
/ 
/ 
/ 
./ ~ - ~':::z'~-----­
-,""""'" 
o------------~ __ ----------~----------~----~ 0,000 0.001 0.01 0,1 
Attack- End Slip, in. 
FIG. 13.4 CALCULATED AND MEASURED BOND FORCE vs.ATTACK-END SLIP, 
S E R IE S: SA 09 ... 18 
160 
120 
80 
40 
Effective Prestress = 160 ksi 
OL-----~----~----~----~----~----~----~--~ o 4 8 12 16 20 24 28 32 
Distance Along Beam, in. 
FIG. 13.5 CALCULATED STEEL STRESS DISTRIBUTION FOR 7/16-ln. STRAND IN 
ANCHORAGE ZONE OF PRESTRESSED BEAM 
0.08 Effective Prestress = 160 ksi 
0,06 
.. 
a. 
Cl,) 
0.02 
4 8 12 16 20 24 28 
Distance Along Beam, in. 
FIG. 13.6 CALCULATED SLIP OF 7/16-ln. STRAND IN ANCHORAGE ZONE OF 
PRES TRESSED BEAM 
32 
214 
160 
V> 
..ll::: 
V> 120 / V> W t... -V> W t... 
a.. 80 
w 
:> 
-u 
W 
'+- 40 
'+-
W 
o~------~------~------~--------~------~--~~~ 
o 6 12 18 24 30 36 
Anchorage Length, in. 
FIG. 13.7 CALCULATED ANCHORAGE LENGTH vS.EFFECTIVE PRESTRESS 
215 
50 
1/4-in. Strand 
3/8 - in. 
40 7/16-in.(Coil I) 
(f) 
-t-
(f) 
Q) 
...... ( 153 Tests) 30 
'+-
0 
.... 
Q) 
..Q 
E 20 
:l 
Z 
\7/16-in. Strand 
Coi 1 TI (30 Tests) 
10 
20 ·40 60 80 100 
AnchoraQe Length, diameters 
FIG. 14.1 DISTRIBUTION OF ANCHORAGE LENGTHS DETERMINED ON BASIS 
OF INDIVIDUAL RESULTS FROM PULL-OUT TESTS (EFFECTIVE 
PREST'RE<)S ~FTER RELEASE = 175 ksi, fl. = 5400 psi) 
c 
216 
8000 
fJ) 
a. 
.. 6000 
.s::. 
-~ 
C 
Q) 
""' 
-(/) 
<L> 4000 
-(l) 
""' U 
C 
0 
U 
2000 
1/4- in. 3/8-in. 7/16-in. 1/2- in. Strand 
( Coi I I ) 
00 10 20 30 40 
Anchorage Length, in. 
FIG. 14.2 ANCHORAGE LENGTHS DETERMINED ON THE BASIS OF AVERAGE 
RESULTS FROM PULL-OUT TESTS (EFFECTIVE PRESTRESS AFTER 
RELEASE = 175 ksi) 
8000 
0u; 
~ 6000 
.c::. 
-Cl 
C 
(l) 
""' 
-(/) 
(l) 
-<L> 
""' U 
C 
o 
U 
4000 
2000 
\ 
o:::n6. 
\ 
\ 
~ . 
\ 
\ 
\ 
\ 
ovo /). 
\ 
o 1/4-in. 
v 3/8- in. 
o 7/16-in. 
/). il2 -in. 
Strand ~ 
(Coil I) I 
o~------~------~------~------~------~--~ o 20 40 60 80 100 
Anchorage Length, diameters 
FIG. 14.3 ANCHORAGE LENGTHS DETERMINED ON THE BASIS OF AVERAGE 
RESULTS FROM PULL-OUT TESTS (EFFECTIVE PRESTRESS AFTER 
RELEASE = 175 ksi) 
15 
10 
5 
7/IS-in. Strand 
Coil I (35 Tests) 
20 40 
217 
7/16-in. Strand 
Coi I IT (30 Te s t s) 
60 80 
Anchorage Length, diameters 
100 
FIGe 14.4 DISTRIBUTION OF ANCHORAGE LENGTHS DETERMINED 
ON BASIS OF INDIVIDUAL RESULTS FROM PULL-OUT 
TES TS (EFFECTIVE PRESTRESS AFTER RELEASE. 175 ks i , 
f 8 IB 5400 ps I.) 
c 
218 
160 
.c::. 
-c:n 
c 
OJ 
..J 
OJ 
Cl 
0 
"-0 
..r:::. 
u 
c 
<t 
..... 
0 
- 40 c OJ 
U 
"-
<V 
a.. 
0 
o 2 10 12 20 30 40 
Depth of Concrete Below Strand, in. 
FIG. 14.5 VARIATION OF ANCHORAGE LENGTH WITH DEPTH OF 
CONCRETE BELOW CENTER OF STRAND 
APPENDIX A: DESCRIPTION OF PULL-OUT TESTS 
A.l Introductory Remarks 
This appendix presents a description of the materials used, 
the test specimens, the loading system, the testing procedure, and the 
measurements. 
A.2 Materials 
A.2.1 Cement 
High-early-strength cement was used for all test specimens 
(Brand: Universal Atlas, Type III). 
A.2.2 Aggregates 
Sand and pea gravel from the Wabash River were used in all 
concrete mixes. The origin of these aggregates is an outwash of the 
Wisconsin glaciation. The sand consisted mainly of quartz. The 
major constituents of the gravel were 1 imestone and dolomite. The 
sand had a fineness modulus of approximately 3.0. The maximum size of 
the gravel was 3/8 in. A characteristic sieve analysis for both the 
sand and the gravel is shown in Fig. A.l. The sand and gravel were 
oven-dried and cooled before mixing. 
A.2.3 Concrete Mixes 
Six different mix proport"ions were used during the whole 
test program. The proportions of the mixes and the average strength 
characteristics of the resulting concrete are 1 isted in Table A.l. 
All proportions are given in terms of dry weights. In each mix 
proportion, the ratio of the volume of cement pius sand to the voiume 
of gravel was kept constant. It was approximately 1.2. 
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The majority of all test specimens was cast using mixes 
designated A, B, and C. The average nine-day compressive strengths 
of these mixes were approximately 5500, 7500, and 2500 psi G It 
was intended to keep the slump constant at 1.5 in. in all three 
mixes. 
Mixes 0 and E were designed as variations of mix A. The 
consistency of the concrete, indicated by the slump, was varied 
whereas the water-cement ratio was kept unchanged. The mix proportions 
were chosen in such a way that approximately the same concrete strength 
as for mix A was obtained. Mix F was used only in one test series. 
The concrete properties and the age of the concrete at the 
time of testing are 1 isted in Table B.l through B.4for each indi-
vidual test series e 
The compressive strength of the concrete was determined 
from tests on three 6 by 12-in. cyl inderso The loading speed was 
60,000 lb per minute. The spl"itting strength was found from three 
6 by 6-in. cyl inders loaded by a compressive force on opposite 
generators of the cylinder. Strips of stiff fiber board, 1/8 in. 
thick and 1/2 In. wide, were placed between the heads of the testing 
machine and the cyl inder to distribute the load uniformly along the 
length of the specimen. The loading speed was 9000 lb per minute. 
The average splitting strength of each test series is 
plotted versus the average compressive strength in Fig. A.2. The 
following expression approximately satisfies the relationship between 
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the splitting strength and the compressive strength: 
f 
sp 5 .. 5 1fT c 
Both stresses are expressed in psi G 
A.2 .. 4 Steel 
(A e 1 ) 
The reinforcing strand used in this test program consisted 
of seven-wire (round wire) strand with nominal diameters of 1/4 in., 
3/8 in .. , 7/16 in., and 1/2 in. The 1(4-in .. , 3/8-in., and 1/2-in. 
strands were" cut from one roll each. Two rolls were used for the 
7/l6-in. strand.. The surface of the strand was clean and not 
corroded. The measured properties of the strand such as cross 
sectional area, pitch, angle of twist, and the apparent modulus of 
elasticity are 1 isted for each strand size in Table A.2. The modulus 
of elasticity was measured with the strand clamped at both ends of a 
25-in. length. The deformation over ten ino was measured with a 
mechan i ca 1 gage .. 
The plain wires used in the tests were cut from the straight 
center wires of the different strand sizes. The diameters are 1 isted 
in Table A.2. The surface characteristics of the center wires were 
approximately identical to those of the exterior wires of the strand .. 
In a few test series, 5/16-in. square steel bars were used. 
For reasons stated in Chapter 10, it was required to twist the bars 
by different amounts o The twisting was accompl ished in a lathe without 
subjecting the bar to any axial force. The torque was appl ied by 
rotating one end of the bar about its axis while holding the other 
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end in a grip that permitted axial motion. Bars with lengths of 
approximately five ft were twisted in one piece. The center of the 
bar was supported by a sleeve to prevent buckling. The degree of 
twisting along the axis of the bar was fairly uniform up to a twist 
angle of approximately 300 • (The twist angle was formed by the 
hel ical edges of the twisted bar and its longitudinal axis). Beyond 
concentrations. 
A.3 Description of Specimens 
The basic pull-out specimen consisted of a 4 by 4 by 9-in. 
concrete prism. The steel (strand, wire, or square bar) was centered 
in the middle of the specimen parallel to the long side. The length 
over which the steel. was actually bonded to the concrete was shorter 
than the length of the concrete prism. The rest of the embedded length 
was kept free from bond by thin-walled metal pipes that were drawn 
over the steel. In most cases,the bonded length was only one inG, 
located at midheight of the concrete ~rism. Figure A.3 shows a 
typical specimen spl it in two halves. 
Regardless of the bonded )ength, a length of four in. was 
left unbonded at the end where the pull-out force was to be appl ied. 
For bonded lengths greater than two in., the length of the concrete 
specimen was extended such that two in. of steel could be left free 
of bond at the unloaded end of the specimen. Thus) the length of 
the concrete specimen was equal to the bonded length plus four in. 
plus two in. 
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The specimen was cast in such a way th~t approximately five 
in. of strand extended from the concrete prism at the end where the 
load was to be appl ied, and three in. at the free end where the sl ip 
was to be measured. 
In some cases the depth of the concrete specimen was varied 
to study its effect on bond. The steel, however, remained centered 
for all specimens in the upper cross section of 4 by 4 in. with respect 
to the direction of pouring. 
A.4 Casting and Curing 
The length of steel (strand, wire, square bars) that was 
to be in contact with the concrete was treated with utmost care. 
First it was brushed with a steel brush to clean it 6f surf3ce dirt. 
Then it was carefully washed with acetone and trichloroethylene to 
remove any grease that might have been deposited on the surface while 
handling the steel e This treatment may be considered as being unreal-
istic if compared with common field practice. However it was necessary 
in order to obtain a maximum of uniformity in the test conditions. 
Two steel pipes with a wall thickness of approximately 
. 0.016 in. were pulled over both ends of the steel so far that only 
the bonded length (mostly one-in. long) was still visible. The inner 
diameter of the pipes was chosen so that the pipes could sl ide along 
the steel with a minimum of clearance between the pipe and the steel. 
The clearance at the ends near the bonded length was sealed with hot 
seal ing wax. This procedure could be accompl ished so that the desired 
bonded length was obtained with a maximum error of 0.06 in. or 6 
percent of a bonded length of one inch. 
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The steel strand, which was delivered by the manufacturer 
in rolls, retained a curvature when cut into short pieces, especially 
in the larger diameters. Therefore, all specimens were cast in steel 
forms which had clamping devices on the end plates to keep the strand 
straight during casting and hardening of the concrete. (Fig. A.4). 
Before casting, the steel pipes were thoroughly greased with 
cup grease. The concrete was mixed in a pan-mixer. All specimens of 
one test series were cast from one batch. The concrete was vibrated 
with an interior vibrator at four spots in a constant pattern. The 
vibration was done by the same person throughout the whole test 
program. For each batch, three 6 by 12-in. cylinders and three 6 by 
6-in. cyl inders were cast to determine the compressive and spl itting 
strength of the concrete. 
The specimens and the cyl inders were left in their forms for 
---two-OCi}/S -ar-fd- ke-pt-moi-s f-by-cuver-ing-them -w-j-t-h-wet---bu rlap.- Afte-rtwo-
days the forms were struck and the pipes, which were intended to 
prevent bond between the concrete and the steel outside the bonded 
length, were pulled out. This could be done with ease. 
The specimens and the cyl inders were stored in the moist 
room at a relative humidity of 100 percent for four more days. 
Afterwards they were brought to a room with a constant relative 
humidity of 50 percent and a temperature of 73°F. They were kept 
there until the time of testing. Most pul1-owt tests were carried 
out at an age of eight or nine days. Some test series, particularly 
the tests to be conducted under lateral pressure, were carried out at 
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a higher age (two to three weeks) because both the preparation and 
the testing required more time than for standard pull-out tests. 
The specimens to be tested under lateral pressure needed a 
special treatment. After being cured for six days, the surface was 
carefully smoothed with sand paper. All pores were filled with 
gypsum plaster (Hydrocal). The surface was painted with a 1 iquid 
solution of neoprene, which hardened to a rubbery coat of approximately 
o.004-in. thickness. The four long f9ces of the VJere wrapped 
into a shim steel with a thickness of 0.004 in. On one side the shim 
steel was overlapped and sealed with epoxy glue. 
A.5 Test Setup 
A Tinius Olsen Uceltronic testing machine was used for all 
tests (Fig. A.5). Its maximum loading capacity was 12,000 lb. Eight 
a ... E~~H~_. __ ........ _._ ........................... . 
of 120 lb. The machine made it possible to control the pull-out 
speed exactly since its loading system was completely mechanical 0 
The concrete specimens were placed into a steel cage, which was 
fixed to the upper head of the testing machine through a hinge 
(Fig o A.6). The longer end of the steel, sticking through a hole at 
the bottom plate of the cage, was gripped by a strand grip or the jaws 
of the testing machine which in turn were fastened to the lower head 
of the testing machine by another hinge. The two hinges had two 
degrees of freedom, but they were restrained from rotating around the 
vertical axis. 
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Two different principal test setups were used: (a) The 
steel cage was supported by a thrust bearing at the top, thus per-
mitting the cage, and along with it the concrete prism, to rotate 
ostensibly freely around the vertical axis. The actual rotational 
restraint of the thrust bearing, caused by roll ing friction, was 
measured and found to be 1 inearly proportional to the thrust within 
the range of the appl ied pull-out forces. The magnitude found was 
approximately 4 lbin. per 1000 1b of thrust. (b) The steel cage 
was supported without thrust bearinge In this case the steel cage 
was completely restrained from rotating around its vertical axis. 
Between the concrete prism and the bottom plate of the cage 
a thin foam rubber plate was placed to compensate for stress concentra-
tion due to an uneven concrete surface. 
A completely different test setup was necessary for the 
sustained-load tests. Specimens of standard dimensions were loaded 
using a cantilever system (Fig. A.7). The appl ied load, which could 
be varied by either changing the weight or the lever arm, could be 
determined with an accuracy of + 20 lb G 
"A.6 Measurements 
The basic measurements fn all pull-out tests were limited 
to load and s 1 i p read i ngs " The s 1 i p was meas ured by a d i ali nd i cator 
with a reading sensitivity of 0.0001 in. The dial indicator was held 
by a heavy metal ring which rested on the top surface of the concrete 
prism (Fig. A.8). The pointer of the dial was kept in contact with the 
free end of the steel. Thus, the dial recorded the slip of the steel at 
the end of the bonded length versus the top surface of the concrete prism. 
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A special system to hold the dial indicator was designed for 
the sustained-load tests. Shrinkage of the upper half of the concrete 
prism would affect the readings if the sl ip would be measured with the 
system described above over a long period of time (Fig. A.8). In 
order to e1 iminate the shrinkage deformations from the dial readings, 
a frame holding the dial indicator was clamped at midheight to the 
vertical sides of the concrete prism (Fig. A.7). Thus, the dial 
readings indicated directly the sl ip of the steel, which was bonded 
over a length of only one in. in the center of the specimen, versus 
the concrete at the same level. 
In many pull-out tests containing strand or twisted square 
bars, the untwisting of the steel versus the rigidly held concrete 
prism was measured. In other tests the rotation of the unrestrained 
concrete prism versus the steel was investigated. For this purpose, 
a five-in. long pointe~ was glued onto the top of the free end of 
the steei, and the amount of rotation was read off a scaie at the end 
of the pointer (Fig. A.6). 
In tests with bonded lengths larger than two in., the sl ip 
was measured on both ends of the bonded length. In addition to the 
O.OOOl-in. dial used to measure the slip at the unloaded end of the 
strand, two dials with a reading sensitivity of 0.001 in. were 
clamped to the loaded end of the strand to record the attack-end 
slip. The pointers of the dials were in contact with the steel plate 
supporting the concrete specimen. 
Accordiing to the test setup shown in Fig. A.8, the measured 
sl ip at the loaded end of the strand, indicated by the average of the 
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two dial readings, included the following extraneous deformations in 
addition to the actual sl ip between strand and concrete: (a) the 
deformation of the concrete console around the bonded length; (b) the 
elastic deformation of the strand between the bonded length and the 
attachment of the dial indicators to the strand; (c) the deformation 
of the concrete specimen between the bonded length and the supporting 
steel plate; and (d) the elastic deformation of the supporting steel 
plate .. 
The deformation of the concrete console around the bonded 
length was primarily a shear deformation. 'A special test series, 
8809-1, was conducted to determine the magnitude of the shear defor-
mation. The test results are discussed in section 8.3. The relation-
ship found between the deformation of the concrete console and the unit 
bond force indicated that the deformation was on the order OG00015 
in .. per 1000 lb of unit bond force. 
The elastic elongation of the unbanded length of strand 
could be determined without rI i-F-F i rlllt-" "-' I I I I '"" '"'" I ..... 1 0 The modulus of elasticity 
6 
was measured to be 28 x 1D psi, the free length of strand was 9.5 
in. For a pull-out force of 1000 lb, the elastic deformation of a 
7/16-in. strand (coil II) was determined to be 0.0029 in. 
The elastic deformation of the concrete specimen below the 
bonded length was determined on the basis of a simpl ified assumption. 
The bond force was assumed to act at midheight of that part of the 
bonded length which has sl ipped more than 0.0001 in. From,that point, 
a distribution of the stresses in the concrete under an angle of 45 0 
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was assumed. A more precise determination of the concrete deformation 
on the basis of elasticity solutions would have been of little 
advantage in view of the uncertain assumptions about the concrete 
properties and the questionable validity of a purely elastic solutione 
For a bonded length of 3 ino and a force of 2000 lb, the deformation 
of the concrete was calculated to be 0.0004 in. At 11,000 lb and a 
bonded length of 20 in., the calculated deformation was approximately 
0 .. 004 in .. 
The elastic deformation of the supporting steel plate was 
neg 1 i g i b 1 e .. 
A.7 Appl ication of Lateral Pressure 
The specimens of seven test series were tested under 
externally appl ied lateral pressure .. A cross section of the pressure 
apparatus, is shown in Fig. A.9. The apparatus consisted of a cylindrical 
steel chamber with end plates. The end plates had a square opening of 
such dimensions that the concrete prisms wrapped in a 0,,004 ... in .. thick 
shim steel could barely be sl ipped in. The end of the chamber opening 
was wider leaving a square ring space between the concrete prisms and 
the chamber of 1/2 in. Into this space a lead ring, poured in advance, 
was inserted and pounded in with such effort that the lead was forced 
not only to fill the space completely but even to withstand pressures up 
to 4000 psi without significant leaking. The lead was held in place 
and even compressed further by two end steel plates which were tightened 
against the steel chamber with six l/2-in. bolts. 
230 
The pressure chamber was connected with an electric hydraul ic 
pump (Fig .. A.l0). Oil was used as pressure fluid. The pressure was 
measured with a 10,000-psi Bourdon gage. A close-up of the pressure 
apparatus with the test specimen in place is shown in Fig. A.l1 
A.S Test Procedure 
All specimens were loaded with the same speed. The speed 
of the moving head of the testing machine was held constant at 0.05 
in. per minute .. At the beginning of the test, the sl ip dial was set 
to zero o The first load reading was taken when the dial had moved 
to 0 .. 0001 in .. From then on the load was read at certain slip intervals • 
. The tests were discontinued after the sl ip had reached a magnitude of 
0,,15 in. 
The test procedure for the specimens being sUbjected to 
lateral pressure was basicaiiy the same o The desired lateral pressure 
was applied before the pull-out test was started. It was kept constant 
during the whole test. 
In some tests the attack-end' sl ip was measured in addit ion to the 
trail-end slip (Fig. A.S). The two dials at the attack end were recorded 
by an automatic camera, which was released simultaneously with the read-
ings taken at the trail-end dial" 
The test procedure for the sustained-load tests was as 
follows: Three short-time pull-out tests were conducted on ostensibly 
identical specimens. The average initial bond force (bond force at a 
slip of 0.0001 in.) was determined. The sustained-load test specimens 
were then loaded to different percentages of that initial short=time 
load. 
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TABLEA.l 
PROPERTIES OF CONCRETE MIXES 
Ratio by weight Water/Cement Average Average Average 
Cement:Sand:Gravel Ratio Slump 8 (or 9) -day 8(or 9)-day 
Mark (i n" ) Compressive Splitting 
Strength Strength 
(ps i ) (ps i ) 
A 1 : 2 .. 8 : 3 • 1 0 0 65 1 .. 5 5380 400 
B 1:1 .. 0:1.6 0.40 1 .. 5 7570 460 
c 1:4.7:4.7 1 .05 1 .5 2370 230 
D 1·~ ~.~_c; .. ~.J.~."'" 0 .. 65 0 .. 3 5750 410 
E 1 :2.6:2 .. 8 0.65 7.1 4970 400 
F 1 :3.9:3.9 0.90 0 .. 5 3400 300 
TABLE A.2 
STRAND PROPERTIES 
Nominal Diameter Cross Angle Modulus 
Strand of Center Sect i ona 1 Pitch of of 
Diameter Wire Area,'- Tw is t ,'d: Elasticity 
( in. ) ( in .. ) ( i n. 2 ) ( in" ) (0) (ks i ) 
1/4 0.084 0.03-68 3.88 1 1 .5 
3/8 0" 130 0,,086 5 .. 06 13 " 1 
7/16 0 .. 147 O. 11 0 5.83 13 03 28 .. 2x 103 
(Co i 1 I ) 
7/16 0" 150 0 .. 118 5 .. 81 13 .3 27 .9x 1 03 
(Co i1 II) 
1/2 0 .. 171 o e 153 6.74 13 " 1 
-;', based on average weight per foot 
'?'0', rr x nominal strand diameter tana = pitch 
80 
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FIG. A.l SIEVE ANALYSIS FOR FINE AND COARSE AGGREGATES 
Average Compressive Strength, psi 
FIG. A.2 SPLITTING STRENGTH vs. COMPRESSIVE STRENGTH FOR 8(or 9)-DAY 
OLD CONCRETE 
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FIG. A.3 TEST SPECIMEN SPLIT IN TWO HALVES 
-_ ... _. __ ... _ .... __ . __ ... _ ..... _._ ... _ .. _ .. _ ... -'--'-... -'--- --_ .. - ---_ .. _._._. _ .. _ ........ __ ..... _---_. __ ._ .. _-_ .. _-_ .... __ . __ ._- - - .. -- ._ .. __ ... _------ ._._--._--
FIG. A.4 SPECIMEN BEFORE CASTING 
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FIG. A.5 TEST SETUP FOR PULL-OUT TESTS 
FIG. A.6 TEST SPECIMEN IN PLACE 
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O.OOOl-in. Dial Indicator 
--- Deformat t on due to Shr i nkage 
Deformation of Concrete 
Console due to Load 
Bonded Length 
Deformation due to Shrinkage 
and creep 
eformat1on due to Load 
Spring Clamp 
O.OOl-in. Dial Indicators 
FIG. A.8 TEST SETUP FOR SPECIMENS WITH BONDED LENGTHS 
EXCEEDING TWO in. 
G) Concrete Specimen 
® Sh I m S tee I » 0.004 In. 
@ St rand or Wi re 
@) Pressure Vesse 1 
@ End Plate 
2 _' " ~ j 
® 
0 
® 
® 
@ 
Lead Packing 
Pump Line 
Stee I Cag411 
Base for Diad 
Dral Indicator 
FIG. A.9 TEST SETUP FOR LATERAL-PRESSURE TESTS 
I nd i cator 
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FIG. A.l0 TEST SETUP FOR LATERAL~PRESSURE TESTS 
FIG. A.ll TEST SPECIMEN IN PLACE 
APPENDIX 8: PRESENTATION OF PULL-OUT TEST DATA 
B.l Identification of Test Series 
Each test series is identified by a sequence of letters and 
numerals. The first letter characterizes the type of reinforcement in 
the pull-out specimen (S = strand, W = wire, Q = square bar, U = straight, 
nontwisted strand, 8 = bolt). The second letter represents the type of 
concrete mix. The proportions of the six different concrete mixes, 
ma r ke d A t h r 0 ugh F, are g i ve n i n Tab 1 e .A. 1. Th e t h i rd 1 e t t e r, i f use d , 
refers to a particular test setup: P stands for the lateral pressure 
the specimens were subjected to, and L stands for long-time or sustained-
load test. The two-digit number fol lowing the letters identifies the 
age of the concrete at which the specimens were tested. The number 
after the dash represents the numerical sequence of the test seriese 
They were numbered consecutively as long as the specimens shared the 
same type of steel and concrete mix, and, in addition, were tested 
in the same test setup. 
8.2 Unit 80nd Force-Slip Curves 
A sequence of simultaneous force and sl ip measurements 
provided the basic information abou~ the bond properties of strand. 
Thus, a measured force-s1 ip relationship is reported for every test. 
It would have been desirable to express the qual ity of bond in terms 
of bond stress, i.e. bond force per unit area, however this was not 
possible since bond of strand is not only a function of its surface 
area but also of its geometry. As an alternative, the magnltude of 
bond was plotted in terms of bond force per unit length, and was called 
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unit bond force. Although a function of the strand size, this term 
provides a simple measure of bond. It should be characteristic for 
every strand. The term of unit bond force will be used for strand 
and twisted square bars throughout the whole investigationo For 
plain wires, the magnitude of bond was expressed in terms of bond 
stress. 
The sl ip was plotted to a logarithmic scale in most graphs. 
The reason was the large range of sl ip measurements extending from 
0.0001 in. to 0,,15 in. The maximum end sl ip of 7/16-lno strand, 
prestressed to 160,000 psi, was in the order of 0.07 in. as beam 
tests indicated. The main interest was therefore concentrated in the 
sl ip range below this value. The logarithmic scale offered, for this 
purpose, a very efficient way of plotting although it had the disad-
vantage of not lending itself to direct interpretation. In order to 
provide a perspective of the logarithmic plot, a typical bond-slip 
relationship for strand and plain wire was plotted in Fig. B.1, using 
both the 1 inear and the lQgarithmic scales. 
The left axis of the logarithmic plot does not indicate 
zero sl ip. It represents the smallest sl ip value that could be 
measured reliably. It was observed in all tests that the pointer 
of the dial indicator started to move at a smaller load than the initial 
force plotted in the logarithmic graphs. 
In some test series, including mai~ly tests with plain 
wire and strand tests under externally applied lateral pressure, no 
bond force-s1 ip data were obtained with'in the init ial sl ip range from 
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0.0001 in. to 0,,01 in., in extreme cases even to 0.04 in. The hand of 
the dial indicator turned around for one or several complete revolutions 
at such a speed that it was impossible to record any readings. In 
those cases, the initial bond force at a sl ip of 0.0001 in. was 
connected graphically with the first bond force data available at 
larger sl ip values by a straight 1 ine in the semi-logarithmic plot. 
The straight 1 ine seemed to be the most 1 ikely and most consistent 
approach to the actual bond force-slip relation. 
Three identical specimens were usually tested to investigate 
the influence of one variable on bond. Groups of three ostensibly 
identical bond-s1 ip relationships were plotted in separate graphs. 
Three or four of those graphs, representing all the ·individual tests 
of one series, were combined in one figure. 
In Fig. 8.2 through 8.53, every test series carried out 
during this investigation is presented in the manner described above~ 
These figures contain the bond~sl ip relationship of each individual 
test. 
8 .3 Cor r e c t ion 0 fIn i t i a 1 S 1 i P M~ a s ui'" e me n t s 
Measurement of the attack~end sl ip usually requires a 
correction for the elongation of the reinforcement. Measurement of 
the trail-end sl ip needs no correction for the deformation of the 
reinforcementw However, it is necessary to make corrections for the 
deformation of the concrete unless the sl ip dial is supported immediately 
adjacent to the bonded length in both the longitudinal and transverse 
p 1 a nes • 
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The test setup used in thfs investigation, Fig& A;8, required 
a correction of the sl ip measurement. The s1 ip was measured only at 
___ tb~ ___ tr.9 il_eJJd jll __ §J J_t~s_t~ ... _~ttb bonded 1~_~gth_?_e~-,=!? 1 to or shorter than 
two in. The apparent sl ip was measured with respect to the edges of the 
upper surface of the concrete prism upon which the base of the dial 
i nd i cator res ted. The pos sib i 1 i ty of us i ng ·a probe to meas ure the 
deformation of the concrete immediately adjacent to the trail end of 
the bonded length was rejected because. it was desired to keep the 
clearance between the concrete and the strand outside the bonded 
length as small as possible. 
The bonded part of the strand transferred the pull-out force 
over a one-in. high annular console of concrete into· the main concrete 
prismo The high local stresses in the concrete console ~uring the 
pull-out test led to local deformations which were measured as slip. 
The overall deflection of the top surface with respect to the trail 
end of the bonded length was small enough to be negl igible. 
In order to find out how much concrete deformation was 
included in the measured sl ip, tests had to be conducted in such a way 
.that it was possible to measure the concrete deformation separately. 
Calculation of this deformation involved too many questionable assump-
tions about the response of the concrete to be of practical value. A 
. series of tests was designed such that virtually no sl ip would be 
developed during the test: High strength bolts with a diameter of 
3/8 in. and a head filed down to a diameter of 9/16 in. were cast 
into concrete prisms identical to those used for standard pull-out 
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tests (Figm 8.54). The underside of the bolt head bore directly on the 
concrete consoleo While the edges of the bolt head were not in bond 
wTt 111 he --s u r-r ouncfing -6J nc-re te; The shan K of t ne-b crl t ;- adJacen t-t o--t he- ...... _ .... _. __ ... -"'-".-_ .. _-
head, was bonded over a length of one in. The bond condition on the 
shank was varied. In five specimens the shank was threaded. In four 
specimens the shank was plain, and in one specimen it was plain and 
heavily greased. A steel rod, welded to the bolt head, served as 
an anvil for the dial indicator. Sin~e the bolt head rested on an 
annular area of 0.14 sq. in., negl igible sl ip should occur between the 
bolt head and the concrete. Consequently, the dial readings would 
indicate deformations of the concrete console. 
The measured relations between the pull-out force and the 
movement of the bolt head are shown in Fig. B.54. Bond along the 
shank affected the results significant.ly. A clearer perspective of 
the influence of bond along the shank may be obtained by comparing 
the average relationships of the three types of tests (Fig. B.55). 
The curve for the bolts with the threaded shanks may be divided into 
two regimes: (a) an initial nearly linear portion with a steep 
slope, and (b) a subsequent nearly 1 inear portion with a relatively 
flat slope. It should be noted that the curve for the bolt with the 
greased shank does not exhibit regime (a), and the curve for the bolts 
with plain shanks represents a compromise between the two extremes. 
The movement of the bolt head in the test without bond along 
the shank must have been related to deformations of the concrete. The 
concentrated bearing stresses, transmitted from the bolt to the concrete, 
cause the concrete immediately under the bolt head to deform under 
stresses well in the inelastic range. The highly concentrated stress 
transfer results in a soft force-deformation relationship. The com-
paratively fast rate of the initial deformation was probably caused by 
a lack of fit between the concrete console and the bolt head. 
The movement of the bolt head in tests with bond along the 
shank is caused by a concrete deformation, too. However, the initial 
deformation must represent a shear deformation of the whole concrete 
console. The pull-out force is transferred to the concrete initially 
by bond. Since the force transmitted by bond is distributed over a 
large area compared with the bearing area of the bolt head, the force-
deformation relationship is much stiffer than that caused by bearing 
stresses under the bolt head. 
As long as the force in tests with bonded shanks is transferred 
to the concrete exclusively by bond, the measured deformation represents 
a shear deformation of the concrete console. After the bond stresses 
have progressed along the shank so far that steel stresses are induced 
at the end of the shank, the bolt head starts bearing against the 
.surface of the concrete console. The part of the force that is carried 
by bond does not undergo any further significant increase since the end 
of the shank adjacent to the bolt head cannot s1 ip with respect to the 
. surrounding concrete. Thus, the bond strength of the shank cannot be 
uti1 ized completely. A further increase of the pull-out force causes 
the load carried by bond to increase only 51 ight1y owing to the 
differential sl ip of the shank between the attack end and the bolt head. 
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The rest of the pull-out force is transmitted directly by bearing of 
the bolt head e Consequently, the force-deformation relation of tests 
with bonded shanks becomes similar to that of tests without bond along 
the shank. This is indicated by the approximately parallel slope of 
the force~deformation curves in Fig. 8.55 at sl ips larger than 0.0003 in. 
The bondconditions along the shank determine the load at which 
bearing of the bolt head becomes effective. The better the bond along 
the shank is, the more load can be transferred by bond, and consequently 
the later the bolt head starts bearingo 
If the force-deformation relationship for bearing alone is 
subtracted from the combined relationships caused by bond plus bearing, 
a relationship should be obtained that indicates the deformation of the 
concrete console caused only by bond forces. Actually, a somewhat 
smaller force than that indicated by the force-deformation relation 
for pure bearing should be subtracted since initially the concrete 
console deforms due to bond even though the bolt head has not started 
bearing. The error attributable to this inaccuracy is so small, however, 
that it may be neglected in this appl ication. 
The relationships developed in the manner described above are 
plotted in Fig. 8.56. The initial slope of the two curves represents the 
relationship between the deformation and the force transferred by bond. 
The deviation from the initial slope indicates that the bolt head starts 
bearing against the console. The relatively small further increase of 
force represents the additional bond forces that were activated by 
the differential sl ip. 
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In pull-out tests with strand, the force is transmitted to the 
concrete exclusively by bond. Therefore, the force-deformation relation-
ships of these tests should fol low the initial slope of the curves 
plotted in Fig. B.56., and retain this slope even at higher forces 
since slip is not prevented towards the end of the bonded length by a 
bolt head. Consequently, a maximum bond stress distribution can develop 
on the whole length. 
In Fig. B.57, 
relat ionships were plotted for all strands tested under lateral pressure. 
At the beginning of the test, the measured "slip" increased approximate-
ly 1 inearly with the applied pull-out force. At loads close to the 
- maximum bond force, the measured "sl ip" started to increase at a 
faster rate. The maximum bond force, finally, was marked by a rapid 
increase of the sl ip and a sudden drop of the load (Fig. B.58). The 
initial slopes of the bond force-"slip" relationships in Fig. B.57 
agree very well with the initial slope of the graph in Fig. B.56, 
which indicates the shear deformation of the concrete console. The 
agreement of the measured- l'sl ip" data and the predicted deformation 
_ of the concrete console confirmed the conclusion that ,the deformations 
of the concrete console were measured in the pull-out tests as sl ip. 
The increasing rate at which the measured "sl ip" progressed 
near the maximum bond force may be explained by a gradual failure of 
bond between the strand and the concrete. The gradual failure must be 
regarded as a progressive type of rupture proceeding from the attack 
end of the bonded length towards the trail end. It must be emphasized 
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that, although described as gradual, the failure took place within 
a sl ip range of approximately 0 0 0005 inc (Figs 8.57). 
The average deformation (Fig. 8.57) was approximately 
0 6 00015 ino per 1000 lb of pull-out force o This amount had to be 
subtracted from the measured "sl ip" in order to obtain the actual slip 
between strand and concrete. Instead of using an average correction, 
however, each individual test was corrected by an amount that was 
indicated by the slope of the initial part of the individually measured 
force-"sl ip" relationship, plotted to a 1 inear scale. A typical example, 
showing the measured and the corrected bond force-s1 ip relationships of 
test series S8P 24-1, is presented in Fig. 8.58. 
A few pull-out tests were conducted with a bonded length larger 
than one in. According to the above, the shear deformations are pro-
portional to the shear stresses which, in this case, are equal to the 
bond stresses. For this reason, the measured flslip" in tests with 
bonded lengths larger than one. in. were corrected in proportion to the 
unit bond force. 
TABLE B.1 PF:OPERTIES OF TEST SPECIMENS CONTAINING STRAND 
Concrete Properties 
Test Number Mix Compressive Sp1 itting Slump Water/Cement 
Series of Tests Strength Strength Ratio 
, SA09-1 
SA09-2 
SA08-3 
SA09-4 
SA08-5 
SA09-6 
SA09-7 
SA23 -8 
SA08-9 
SA08-10 
SA08-11 
SA08-12 
SA08-13 
12 
12 
12 
12 
9 
5 
4 
12 
12 
12 
12 
6 
3 
3 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
(ps i ) 
5590 
5380 
5560 
5350 
4900 
4950 
5640 
5930 
52 1 0 
5890 
(ps i ) 
390 
420 
390 
440 
410 
430 
410 
480 
420 
490 
450 
350 
420 
460 
(i n. ) 
1.5 
2.3 
1.5 
1.5 
1.5 
1.5 
1.5 
2.5 
2.2 
1.5 
1.7 
1.5 
1.5 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
Steel 
Strand 
Diameter 
(in. ) 
1/4 
3/8 
7/16 
1/2 
7/16 
7/16 
7/16 
1 /4 ,3 i 8 , 7/1 6, 1/2 
1/4,3/8,7/16,1/2 
1/4,3/8,7/16,1/2 
1/4,3/8,7/16,1/2 
7/16 
7/16 
7/16 
Bonded 
Length 
(i n. ) 
0.5,1,1.5,2 
0.5,1 ,1.5,2 
0.5,1,1.5,2 
0.5,1,1.5,2 
App1 ied 
Lateral 
Age 
at 
Pressure Testing 
(ps i) (days) 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
9 
9 
8 
9 
8 
9 
9 
23 
8 
8 
8 
8 
8 
8 
Remarks 
dry cured 
moist cured 
SA08-14 4 A 
5430 
5480 
5640 
5240 
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TABLE B.2 PROPERTIES OF TEST SPECIMENS CONTAINING STRAND 
Concrete Properties Steel 
Test Number Mix Compressive Splitting Slump Water/Cement Nominal Bonded Applied Age Remarks 
Series of Strength Strength Ratio Strand Length Lateral at 
Tests Diameters Pressure Testing 
(ps i) (ps i ) (in. ) (i no) (i n. ) (ps i ) (day s ) 
5B09-1 12 B 7450 440 L5 0.40 1/4,3/8,7/16,1/2 0 9 
S B09-2 12 B 7390 450 105 0.40 1/4,3/8,7/16,1/2 0 9 
SB08-3 12 B 7560 480 1.7 0.40 1/4,3/8,7/16,1/2 0 8 
5 B 18-4 3 B 8600 490 1.7 0.40 7/16 0 18 dry cured 
3 8600 7/16 0 18 moist cured 
SC09-1 12 C 2580 180 1.5 1. 05 1/4,3/8,7/16,1/2 0 9 N 
.j::"" 
~ 
SC09 -2 12 C 2340 210 1.5 1.05 1/4,3/8,7/16,1/2 0 9 
5C 08-3 12 C 2270 260 1.5 1.05 1/4,3/8,7/16,1/2 0 8 
SC08-4 12 C 2470 260 1.0 1.05 1/4,3/8,7/16,1/2 0 8 
SD09-1 4 0 5320 410 0.2 0.65 7/16 0 9 
5009-2 4 0 6180 410 0.5 0.65 7/16 0 9 
SE09-1 4 E 4460 390 7.7 0.65 7/16 0 9 
5E 09-2 4 E 5470 400 6.5 0.65 7/16 0 9 
5F09-1 12 F 3400 300 0.5 0 0 90 1/4,3/8,7/16,1/2 0 9 
SAL12-1 16 h 6000 4[\1 1.8 0.65 ~/16 0 12 SUS'~a i ned-
7140 It/tO 0 129 Load ~ :."'t.'" 
SALlI-2 10 A 65(j:- 430 lJ. 0.65 7 / 16~': 0 11 
7000 460 451 
SBLI2-1 11 B 8700 450 3.0 0.40 7/ 16~'; 0 12 
8800 460 446 
-'- /'/ 1 6 - in. S t ran d ( C 0 i 1 II) 
TABLE B.3 PROPERTIES (W TEST SPEC l'lEtJS SUBJECTED TO LATERAL PRESSURE 
Concrete'Properties Steel 
Test I~umber 11 i x Compressive Spl itt ing Slunp vlate r I C-::r;lent Strand or Bonded Applied Age 
Series of Strength Strength Ratio vi ire Lcongth Lat::!ral ;;:.t 
Tests Pressure T"::sting 
(ps i) (ps i) (i n.) (i n. ) (ps i ) (days) 
SAPI5-1 4 A 6600 500 1.5 0.65 7/l6-in. Strand 0 15 
1 1150 
SAP22-2 2 A 6450 460 2.0 0.65 7/16-in. Strand 0 22 
2 2150 
SAP23 -3 3 A 5340 470 1.5 0.65 7/16-in. Strand 0 23 
3 1000 
3 2000 
1 2400 N 
1 2500 \.il 0 
SBP24-1 3 B 8670 430 102 0.40 7/16-in. Strand 0 2Lj. 
3 1000 
1 1500 
3 2000 
1 2500 
vlAP15 -1 6 A 6300 460 3.0 0.65 vi i re a 15 
1 d = 0.147 in. 1000 
1 1150 
1 2150 
WAP17-2 3 A 5900 470 L5 0.65 VI ire 0 17 
3 d = 0.147 in. 1000 
3 2000 
WBP66-1 3 8 8220 530 2<5 0.40 vi ire 0 66 
2 d = 0.147 in. 1000 
3 2000 
TABLE B.4 PROPERTIES OF TEST SPECIMENS CONTAINING STEEL OTHER THAN STRAND 
Concrete Properties 
Test Number Mix Compressive Splitting Slump Water/Cement Steel Bonded Applied Age Remarks 
Series of Strength Strength Ratio Length Lateral at 
Tests Pressure Testing 
(ps i ) (ps i ) ( in. ) (i n. ) (ps i ) (day s ) 
WA08-1 12 A 5040 400 1.7 0.65 Center Wire of 0 8 
WB08-1 12 B 8310 400 1.5 0.40 1/4,3/8,7/16,1/2-in. 0 8 
wc08-1 12 C 2180 230 1.5 0.65 Strand 0 8 
WB 18-2 3 B 8600 490 1.7 0.40 Center Wire of 0 18 dry cured tv 
7/16-in. Strand \J1 
3 8600 480 0 18 moist cured 
QB09-1 17 B 7320 535 3.0 0.40 Square Bars, 0 9 
a = 5/16 in. 
UA09-l 5 A 5520 370 1.7 0.65 Nontvli sted 0 9 
3-Wire and 
7-Wire Strand 
BB 09-1 10 B 7400 1.5 0 0 40 Bolts, d = 3/8 in. 0 9 
-~ 
::ri 1000 
... 
CD 
(,) 
L... 
tJ: 
"'C 
c: 
tiS 500 
° 
500 
en 400 
0. 
en 
en 300 
CD 
L... 
+-
en 
200 
"'C 
C 
0 
CD 
100 
° 0,0001 
I 
° 
7.52 
------~ 
Logarithmic Sca Ie 
7/16 - in. Strand 
Plain Wire 
Logarithmic Scale 
Linear Scale 
0,001 0,01 0" 
0,04 0,08 0,12 0,16 
SI ip, in. 
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FIG. B.2 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 1/4 ... in. STRAND FOR VARIOUS 
BONDED LENGTHS, SER IES: SA09-1 
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FIG. 8.3 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 3/B-in. STRAND FOR 
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FIG. 8.4 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND FOR 
VARIOUS BONDED LENGTHS, SERIES: SA08~3 
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FIG. 3.5 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 1/2-in. STRAND FOR 
VARIOUS BONDED LENGTHS, SERIES: SA09-4 
c 
......... 
..0 
Q,) 
U 
IIa. 
o 
u.. 
"'0 
C 
o 
CD 
..... 
257 
Concrete Specimen Fixed 
o~--------------------------------------------~ 
Concrete Specimen Free 
To Rotate 
0 1- ------~--~--------~~--------~--~--~ 0.0001 0.001 0.01 0.1 
Sli p, in. 
FIG. B.6 UNIT ROND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND FOR 
DIFFERENT TEST SETUPS, SERIES: SAOB-5 
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FIG. B.l1 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR VARIOUS STRAND 
SIZES, SERIES: SA08 ... 11 
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FIG. B.13 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRANO 
FOR DIFFERENT CURING CONDITIONS, SERIES: SA08-13 
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FIG. 8.14 UNIT BOW) FORCE-SLIP RELATIONSHIPS OF7/16-in. 
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FIG. B.15 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16 ... in. 
STRAND FOR DIFFERENT CONCRETE DEPTHS UNDER THE 
STRAND, SERIES: SA09 ... 15 
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FIG. 8.16 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16 ... in. STRAND FOR lJIFFEREN-:-
CONCRETE DE PTHS UNDER THE STRAND, SERI ES: SA09-16 
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FIG. B.17 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. 
STRAND FOR DIFFERENT TEST SETUPS, SERIES: SAOB-17 
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FIG. 3.19 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND FOR A BONDED 
LENGTH OF 3 in., SERIES: SA09-18 
..c 
... 
CD 
(.) 
I... 
o 
LL 
"'0 
C 
o 
OJ 
269 
10000~------~---T--------~--~------~~~------
8000 
Trail- End Slip 
6000 
4000 
2000 
Attack-End Slip 
O~------~--~--------~--~------~--~----~ 
0,0001 0,001 0,01 0,1 
Slip, in, 
FIG. B.20 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND FOR 
A BONDED LENGTH OF 8 in •• SERIES: SA09 ... 18 
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FIG .. B.21 BOND FORCE-SLIP RELATIONSHIPS OF 7/16 ... in. STRAND FOR A BONDED 
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FIG. B.22 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-ln. STRAND FOR A 
BONDED LENGTH OF 20 in., SERIES: SA09-18 
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FIG. 2'-1- BOND FORCE-SLIP RELATIONSHIPS OF 7/16 ... in. STRAND FOR A BONDED 
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FIG. B.25 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-ln9 STRAND FOR 
A BONDED LENGTH OF 8 in., SERIES: SAIO-19 
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FIG. 8.26 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR VARIOUS STRAND 
SIZES, SERIES: S809-1 
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FIG. B.27 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR VARIOUS STRAND 
SIZES, SERIES: 5B09-7 
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FIG. 8.29 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND 
FOR DIFFERENT CURING CONDITIONS, SERIES: 5B18-4 
c 
"-
..c 
.. 
QJ 
U 
to.. 
o 
l!... 
"'0 
C 
o 
CD 
278 
1/4-in. Strand 
1000 
O~--------------------------------------------~ 
3/8-i n Stra nd 
1000 
O~--------------------------------------------~ 
7/16-in, Strand 
100~ 
O~--------------------------------------------~ 
1/ 2-i n, Strand 
1000 
0.8001 0.001 0.01 0.1 
SI ip, in. 
FIG. B.30 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR VARIOUS STRAND 
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FIG. B.31 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR VARIOUS STRAND 
SIZES, SERIES: SC09 ... 2 
1/4-in. Strand 
1000 
O~---------------------------------------------4 
3/8-i n. Strand 
1000 
c 
......... 
..Q 0 
.. 7/16-in. Strand Q) 
u 
t.-
o 
u... 
"0 
c: 
0 1000 CD 
-c:: 
:::> 
o~--------------------------------------------~ 
1/2 -i n. Strand 
0.8001 0.001 0.01 0.1 
CI' , 
""'liP, In. 
FIG. B.32 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR VARIOUS STRAND 
SIZES, SERIES: SC08-3 
c 
.......... 
200 0 
f--
100 o~ 
I---
~ 
f--
1000 t--
t::----
281 
f 1 r I I 1 
1/4-in. Strand 
-
-
---
-
-
......... 
3/8-in Strand 
-
-
~ 
-
..0 0 
.. 
GJ 
U 
"'" o 
lL 
'"0 
c: 
o 
CD 
7/16-in. Strand 
I-- -
1000 - -
-
O~--------------------------------------------~ 
1/2-in. Strand 
0,80~0~1--------~-0-,0~0-1--------~-0-.OLI--------~---OL.I----~ 
Slip, in. 
FIG. B.33 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR VARIOUS- STRAND 
SIZES, SERIES: sc08...4 
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FIG. 8.34 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND FOR VARIOUS 
CONCRETE CONSISTENCIES, SERIES: SD09 ... 1, S009-2, SE09 ... 1, SE09 ... 2 
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FIG. B.35 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR VARIOUS STRAND 
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APPENDIX C: CONTACT STRESS BETWEEN STEEL AND CONCRETE 
C . 1 I ntroductory Remarks 
The following two sections contain a discussion of the contact 
stresses acting normal to the surface of a reinforcing bar embedded 
in concrete. The stresses considered are caused (a) by lateral 
pressure appl led externally to the concrete" specimen, and (b) by 
shrinkage of the concrete. The calculations are based on the assump-
tion that concrete is a homogeneous linearly elastic material G 
C.2 Contact Stress Caused by Externally Appl jed Pressure 
Ifa cylinder of homogeneous elastic material is subjected to 
a uniform lateral pressure, the radial and tangential stresses on 
every element within the cyl inder are of the same magnitude as the 
externally applied pressure. If the cylinder contains a core with a 
material of different stiffness characteristics, the radial and tan-
gential stresses vary across the cross section. Therefore, the normal 
stresses acting on a steel bar embedded in a concrete cyl inder that 
is subjected to an external lateral pressure differ in magnitude from 
the stresses acting on the surface of the concrete cyl inder. 
The cross section of the 'pull-out specimens subjected"to ,lateral 
pressure was square (4 by 4 in.) with the strand or plain wire embedded 
in the center of the cross section. The calculation of the contact 
pressure between the steel and the concrete is based on the assumption 
that both concrete and steel are homogeneous linearly elastic materials. 
By considering the cross section of the concrete prism to be a circular 
area with a diameter of four in. instead of a square area, the problem 
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may be reduced to that of a thick-walled hollow cyl inder submitted 
to uniform pressure on the inner and outer surface. The pressure 
on the outer surface is equal to the externally appl ied pressure .. 
The pressure on the inner face is generated when the deformation of 
the concrete cyl inder directed inward is restrained by the steel 
which forms the core of the cyl inder. 
The g~neral solution for the stresses in a thick-walled 
cylinder is given by Timoshenko (1951) 
with 
U 
r 
ut 
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2C 
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A 2 + 2C 
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(C • 1 ) 
(C. 2) 
(C.3 ) 
(c.4 ) 
where u ; normal stress in the ra9ial direction, u ; normal stress 
r . t 
in the circumferential direction, r; radial coordinate, a ; radius 
of steel core or inner radius of concrete cyl inder, b ; outer radius 
of concrete cyl inder, p ; external pressure, and p. ; contact pressure 
o I 
between steel and concrete. 
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Under the influence of the inner pressure p., the radius of 
I 
the steel core, a, shortens by 
(1 - V ) 
S 
(C .. 5 ) 
where E = modulus of elasticity, and v = Poisson's ratio for steel. 
s s 
Any radius of the concrete cylinder, which is subjected to an 
externally applied uniform pressure Po and an internal pressure Pi' 
deforms by 
e E 
c 
r L -
(1 +v ) A 
c 
r 
(c.6 ) 
where E = modulus of elasticity and V = Poisson's ratio for concrete. 
c c 
By substituting the constants A and C, the inner radius, a, of the 
concrete cyl inder can be shown to shorten by 
(C. 7) 
The displacements of the steel, e 1 , and the displacements of 
the concrete, e 2 , should match at their common boundary. Thus, the 
unknown contact pressure, p., is 
I 
or 
p. = 
I 
p. 
I 
2 2nb p 
o 
(b 2 2)(1 ) [b 2 (1 ) + a 2 (l-v )] 
-a -vs + n +~c c 
kp 
o 
(C .8) 
(c .9 ) 
3~ 
where n = modular ratio of steel and concrete, and k is a constant for 
given geometric dimensions and elastic material properties according 
to Eq. (C.8). The factor k depends on the modular ratio n. The 
influence of n, however, is very small considering the possible 
range of the modular ratio for steel and concrete (Fig. C.l). 
Using Poisson's ratio of 0.3 for steel and a modular ratio 
of n = 8, the factor k for 7/16-in. strand varied from 1.67 to 1.54, 
when Poisson's ratio of concrete was varied from 0.10 to 0.20. For the 
center wire from 7/16-in. strand, k varied from 1.68 to 1 aSS. 
The theoretical distribution of'the radial and circumferential 
stress along the diameter of a test specimen with center wire from 
7/16-ino strand is shown in Fig. C.2. A similar distribution is 
obtained for specimens with strand. 
The elastic solution derived above was based on the assumption 
that every cross section of the specimen through the bonded length was 
in a state of plane stress. The fact that the stress distribution along 
the bonded length was nonuniform because the bonded length was only one 
in. while the external stress was applied to the concrete over a 
length of five in. was not taken into account. The stiffness of the 
concrete specimen was large enoughto·make this effect negl igibly small. 
The small error in the analysis of substituting acyl indrical concrete 
specimen for a prism was neglected in view of the uncertainties in the 
parameters involved. 
,The result from the elastic solution indicates that the 
contact pressure between steel and concrete was 60 percent higher than 
the stress appl ied externally to the concrete prism. It must be noted, 
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however, that the appl icabil ity of 3n elastic solution to this case 
demands some stringent conditions. The materials in contact must be 
homogeneous and 1 inearly elastic. The modul i of elasticity and 
Poisson's ratios must be known. Furthermore, a perfect contact 
between the stee 1 and the concrete is requ ired. It is ev i dent that 
none of these conditions is fulfilled exactly. Therefore, some 
consideration must be given to the effect of the contact conditions on 
the actual magnitude of the contact pressure. 
(1) The magnitude of the contact stress due to an externally 
appl ied pressure is very sensitive to any relative displacement between 
the steel and the concrete. According to Eq. C.7, a reduction in the 
radius of the steel (center wire) by as little as 3.7xlO-5 in. would 
cause the contact pressure between steel and concrete to disappear 
despite an externally applied stress of 1000 psi Q -5 On 1 y 1 .. 5x 1 0 in. 
would be required to change the value of k (Eq. C.9) from 1.6 to 1.0. 
A relative displacement between steel and concrete of the 
above order of magnitude is possible for several reasons. During the 
pull-out tests, the steel. contracts elastically by an amount depending 
on the axial stress in the steel and Poisson's ratio. This effect may 
easily be taken into account by replacing Eq. C.5 with 
-a(1-v )p. 
s I 
E 
s 
aV P 
s 
2E A 
s s 
(C • 1 0) 
where P = total pull-out force, and A = cross sectional area of the 
s 
steel. The last term in the above expression was divided by two 
because it was assumed that the steel stress decreases approximately 
1 inearly from the attack end of the bonded length to the trail end. 
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The new expression for k taking into account the elastic 
contraction of the steel due to the axial tensile force was found to 
be 
k 
2 2 2 -p-2nb p ... (b - a )\J 2A 
o s s 
222 (b - a ) (1 -\) ) + n [b (1 
s 
2 
+ \) ) + a ( 1 -\J )] 
C C 
(c .11) 
The variation of k with the pull-out force is shown in Fig. C.3 
both for 7/16-in. strand and plain wire. According to those relations 
which were based on average values of n ='8 and \} = 0.15, the value 
c 
of k varied in the tests, depending on the pull-out forces and appl ied 
1 atera 1 stresses, from approx imate 1y 1 .. 3 to 1 .. 5. 
A further reduction of k may be expected by the inelastic 
deformation of the concrete immediately surrounding the steel o 
Especially at higher external lateral pressures (3000 to 4000 psi), 
the stress-strain relationship for the concrete near the steel is i ikeiy 
to be far in the inelastic range. Any reduction in the stiffness of 
the concrete, even if it, is 1 imited to a thin layer around the steel, 
leads to a decrease in contact pressure. Consider, for instance, a test 
specimen which contains a layer of 'concrete with reduced modulus of 
elasticity around the steel with a thickness of roughly 0,,1 ina (Fig .. c.4). 
Using the assumed modul i of elasticity and the theoretical expression for 
k given in Fig. c .. 4, k was found to be 1 .03 in compar i son to k = 1 .. 60 
for a con~rete of uniform stiffness (E 4xl06 ps i ) . The distribution 
of the radial stress is indicated in the figure. 
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The concrete around the strand may become inelastic even 
at smaller external stresses than mentioned above because the contact 
stresses may be increased through shrinkage by several hundred psi. 
(2) The magnitude of the contact stress is very sensitive 
to the quality of the material-to-material contact between steel and 
concrete. Caused by bleeding and settlement of the fresh concrete, it 
is possible, or even likely, that air pores get trapped between the 
two materials. This reduces the area of true contact, increases 
locally the stress in the concrete, and causes therefore the concrete 
to become inelastic at relatively low external pressures. In a case 
of extremely bad contact, it is conceivable, although unlikely,that 
the value of k may drop below 1.0. 
(3) In discussing the magnitude of k, the question, of course, 
arises of measuring the contact pressure. Within current] imits of 
.. i.nstr.umentationst heexperi mental .. determ i.nat.i.onof.k~ ... does.-not .. seem·-·to 
yield any advantages, even if very small pressure gages would be avail-
able. Any measuring device would lead to such disturbances locally 
that the accuracy of the measurement would be questionable. 
Summarizing the above discussion, it must be concluded that 
the contact stress is extremely sensitive to the smallest change in 
the conditions of contact. All evidence points to the fact that the 
'factor of k = 1.6 calculated for the perfect elastic case is too high. 
The trend of all the factors influencing the contact between steel 
and concrete seems to indicate that the actual value for k is much 
closer to 1.0 than to 1.6. It was therefore decided to use k = 1.0 
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in the analysis of the test data o It should be kept in mind' that, under 
certain circumstances, k may be as high as 1 e1 or 1.2. Because of 
the uncertainties involved, however, it would be unreasonable to 
differentiate for different cases e 
C.3 Contact Stress Caused by Shrinkage of Concrete 
Since a satisfactory method of measuring the contact stresses 
due to shrinkage between concrete and a reinforcing bar is not avail~ 
able, these stresses have to be estimated by a theoretical approach. 
The calculation is based on the same assumptions as in the 
previous section. The concrete specimen is considered as a thick-walled 
,cyl inder submitted to uniform pressure on the inner surface. The inner 
pressure is generated when the concrete tends to shrink but is restrained 
by the steel forming the core of the cyl inder. 
Longitudinal shrinkage of the concrete specimen produces 
stresses parallel to the steel bar because of the restraint that bond 
poses to free shrinkage in that' direction. If these longitudinal 
stresses are neglected, any element of the cross section may be 
considered as being in a state of plane stress. The stresses in the 
concrete cylinder which are set up when the concrete surrounding the 
steel tends to shrink are determined by Eq. C.l through c.4. The 
external pressure, p , in that case is equal to zero. 
o 
According to Eq. C.6 the radial displacement, dl , of the 
inner radius of the concrete cyl inder due to the restraining pressure Pi' 
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which the steel bar exerts on the concrete, is 
a p. r ] --1-:---~2- I (1 + \J )b 2 + (1 - \J )a 2 
E (b 2 _ a ) - c c 
c 
where the terms on the right side of the equation have the same 
meaning as those of Eq. C.7. 
Subjected to the shrinkage pressure p., the radius of the 
I 
steel bar decreases by 
-p. a 
I d2 = -E-
s 
(1 - \J ) . 
S 
(C.13) 
If the steel had been replaced by concrete, the radius of 
the circular area taken by the steel would shrink by the amount 
d = - as 3 
where S is the linear shrinkage strain of the concrete. 
(C.14) 
In order to satisfy 'compatibl ity, the total deformation of 
the concrete at radius a must equal t~e deformation of the steel, or 
(C. 15) 
Substituting into this expression Eqo C.12 through C.14, the shrinkage 
pressure p. may be determined by 
I 
(C.16) 
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If dimensions of the test specimens with plain center wire 
and realistic material properties (a = 0.073 in., b = 2 mO in., 
E 4xl06 psi, \) = 0.15, E = 29 x 106 psi, \) = 0.3) are inserted 
c c s s 
into Eqo C.16,a contact stress between the concrete and the wire of 
approximately 300 psi is obtained for a shrinkage strain of 10xlO-5 G 
Shrinkage strains of dry cured concrete measured over a 
period ranging from the second to the eighth day after casting were 
found to be in the order of 15xlO-5 (F~go 6.9). It may be assumed, 
however, that a large amount of shrinkage has taken place during the 
first two days when no measurements were taken. Therefore, it is not 
absurd to assume contact stresses between concrete and reinforcing 
steel due to shrinkage to be in' the order of several hundred psi .. 
The method of calculating the shrinkage stresses may not be 
very accurate for several reasons. In the calculation, it was ~ssumed 
that shrinkage was distributed uniformly over the entire cross section. 
This assumption is not real istie because of the nonuniform process of 
drying of the concreteo Furthermore, even if the shrinkage strains, 
needed to calculate the shrinkage stresses, can be determined accurately 
·in the early stages of hardening of the concrete, it appears to be 
difficult to relate real istic stiffness properties of the concrete 
to the early shrinkage deformations. 
Another very important consideration should be mentioned 
here. Although the shrinkage stresses are relatively small compared 
with the compressive strength of the concrete, they cause the concrete 
to creep. Consequently, the shrinkage stresses are gradually reduced 
with time, a phenomenon which poses another uncertainty in the theoretical 
determination of the shrinkage stresses. 
----.--.---------
316 2,0---------......;,......,.-----------, 
r::P 
........ 1.0 
er-
n 
~ 
n = 00 
n = 8 
.,{-""' .... ------_._------
n=1 
Radius of Steel, a, in. 
b=2.0in 
p.. = 0,30 
p.. = 0,15 
2.0 
FIG. C.l VARIATION OF CONTACT PRESSURE WITH RADIUS OF STEEL 
o 
FOR VARIOUS MODULAR RATIOS n = E t liE t 
. s ee concre e 
Radial 
Stress 
Circumferential 
Stress 
~I 
FIG. C.2 DISTRIBUTION OF RADIAL AND CIRCUMFERENTIAL STRESSES 
ALONG DIAMETER OF CONCRETE SPECIMEN WITH CENTER 
WIRE FROM 7/16-in. STRAND 
2.0. 'II 2.0Ir----~--~~--~----~----r_--~----_ 
~~ 
t I'O~ Po = 4000 PSi~/ 1 ~ loT Po = 4000 PSi-:J// 3000 psi II 3000 psi II 2000 psi. 2000 psi-...:s::: ~ 
(a ) 7/16 - in. Strand 
0' ! . I I,.JJ 
o 1000 2000 3000 
Pull -Out Force, lID 
( b) 
1000p$i 
Center Wire of 
7/16 - in. Strand 
0 1 / ~ 
o 200 400 600 
Pu II - Out Force, I b 
FIG. C.3 VARIATION OF RATIO k = p./p WITH PULL-OUT FORCE FOR SPECIMENS WInl 
I 0 
(a) 7/16-in~ STRAND AND (b) CENTER WIRE FROM 7/16-in. STRAND 
I ..•. J 
--' 
~-....I 
2.0 
0.0 
......... 
a. 1.0 
II 
..)t 
o 
318 
. 2:2 :2 2 
4 n, n2 b c (b - a ) Po 
Po 
E2 = I X 106 psi 
'- E:; = 4 X 10
6 
psi 
a = 0.073 in. 
b = 0,' 0 in. 
c = 2.0 in. 
VI = 0.30 
"2 = \1":;= 0,15 
2 2 r Z 2;Jl 2 2 2 2 + (c - D) La (I + "2) + b (1- "12 U J - 4 n, a b (c - b ) 
FIG. c.4 DISTRIBUTION OF RADIAL STRESSES ALONG RADIUS OF 
CYLINDER SUBJECTED TO EXTERNAL PRESSURE AND CONTAINING 
CORES OF DIFFERENT MATERIALS 
APPENDIX D: COMPUTATION OF THE STRESS DISTRIBUTION 
IN A SHEAR KEY 
In Chapter 11, it was assumed that the initial bond strength 
is determined by a shear foilure of concrete keys which are interlocked 
with a microscopically rough steel surface e In the fol lowing section, 
a method of calculating the stress distributions in one of those 
concrete keys sUbjected to bond forces is discussed for various 
assumptions about the local transfer of stress from the steel to the 
concrete. 
A profile of the surface of a cold drawn wire as measured by 
Rehm (1961) with a profile meter is shown in Fig. D.la. Numerous 
. measurements made by Rehm indicated that the depth-to-width ratio 
remained approximately constant for all indentations at approximately 
1 :10 to 1 :15. 
For the purpose of the calculations, it was assumed that the 
steel surface was marred by a large number of rectangular indentations 
as shown in Fig. D.le. Furthermore, it was assumed that the deformable 
concrete key was attached to a rigid mass of concrete. 
When force is to be transmitted from the steel to the 
concrete, an individual concrete key may be subjected to forces as 
indicated in Fig·. D.Za. The bond forces are assumed to be transferred 
from the steel to the concrete only through the top surface of the 
shear key. The shear forces along the vertical face of the concrete 
key are negiected. 
The horizontal forces, PZ' represent lateral contact pressures 
caused either by shrinkage or externally appl jed forces. 
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The uppermost part of the shear key has the tendency to 
deflect in the negative y-direction under the loading shown. Since 
the steel prevents any deflection in this direction, the upper part 
of the concrete key was fixed with respect to movement in the y-
direction over a distance where negative deflections would take place. 
The resulting deflection of the shear key due to the l~ading shown in 
Fig. D.2a is shown in Figs 0.2b. 
Three loading cases were invest igated (Fig. 0.3): case I, 
with a vertical force on the top surface of the shear key, and case II 
and III which involved combinations of vertical and horizontal forces. 
For the calculation of the stresses and deflections of the 
shear key, u~e was made of an existing computer program (Pecknold, 
1969). The solution was based on finite element methods·. Triangular, 
two-dimensional elements were used as indicated in Fig. 0.4. The con-
crete was assumed to be elastic and in a state of plane stress. 
The calculation provided the normal and shear stresses for 
e a c h 0 f t he e 1 e me n t s shown i n Fig. 0.4,. 0 e f 1 e c t i on sin the x - and 
y-directions were obtained at each node. 
Solutions were obtained for the following conditions: 
(a) depth-to-width ratio of the shear key = 1/10 
(b) modulus of elasticity of concrete = 4 x 106 psi 
(c) Poisson's ratio for concrete = O. (Calculations using Poisson's 
ratio of 0.2 indicated that the effect of different ratios on the 
stresses was very small). 
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The loads acting on the shear key as indicated in Figo D.3 
were determined such that their relative values, P1 and P2 , reflected 
a regular pull-out test on plain wire without appl ied lateral pressure 
(case I), a pull-out test with a lateral pressure of 1000 psi (case II), 
and a pull-out test with a lateral pressure of 2000 psi (case III). 
The test. results were taken from Figo 8.3. 
By assuming that the loads Pl and P2 are transferred only 
through the shear key and that the bonged area is pitted by a given 
number of square indentations of the same size, it was possible to 
assign relative values for P1 and P2 to an individual shear key for 
each loading case. 
Because of the many simpl ifying assumptions made, it was not 
attempted to find actual forces and stresses but to determine relative 
values. For this reason, the normal stresses and shear stresses 
plotted for the fixed edge of a shear key for each loading case are 
given without dimensions (Fig.D.S through 0.7). 
The stress distributions indicate that high tensile stresses 
in the y-direction exist hear the top of the shear key in all three 
loading cases .. This is the location where the "shear failure" will 
start. Having failed at the top, the failure will progress along the 
presumably fixed edge of the shear key. 
In Fig. D.8,the directions of the principal stresses in the 
upper half of the shear key are shown for load case I. Figure 0.9 
presents lines of equal principal tension in the upper part of the 
shear key for ali three load cases. Again it is shown that very 
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high tensile stresses are concentrated in the upper fixed corner of 
the shear key. It should be noted, however, that a sharp corner 
as assumed in Fig. D.lc does not exist (compare with Fig. D.lb). 
Consequently, the stress concentrations will be less pronounced in 
the actual case. 
The relative magnitudes of the principal tension corresponding 
to failure loads in actual pull-out tests indicate that the shear key 
of load case I is subjected to smalle~ stresses than the load cases 
II and III. Therefore, a comparatively higher failure load should 
be expected in pull-out tests of case I. Because of the disturbance 
of stresses infl icted by the sharp corner of the assumed shear key 
and the purely elastic solution of the problem, no quantitative 
conclusion can be drawn from that result. 
The calculation demonstrated that the initi~l failure 
conditions in bond tests with or without lateral pressure are al ike 
and can be explained by a material failure of the interlocking structure 
between steel and concrete. 
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APPENDIX E: THEORETICAL DETERMINATION OF BON.D-SLIP RELATIONSHIPS 
FOR LONG EMBEDMENT LENGTHS 
E.l Determination of Bond-Slip Relationship fora Given Bonded Length 
on the Basis of Results from One-in. Pull-Out Tests 
The objective of the calculation described in the following 
section is the prediction, on the basis of results from one-in. pull-
out tests, of the bond-s1 ip relationship of strand for any given bonded 
length. Given are the unit bond force-s1 ip relationship of strand which 
is assumed to be characteristic for bond between strand and concrete, 
the stress-strain curve of the strand, and the trail-end sl ip for 
which the bond-51 ip relationship is to be calculated. 
The calculation which is to be carried out-with the aid of 
a digital computer is a simple iteration procedure. It is based on 
the relationship that the change of the 51 ip is equal to the absolute 
sum of the changes in deformation of the strand and the concrete, or 
de ds s 
dx = CiX + 
de 
c 
dx 
-where s = sl ip, e = deformation of strand, e 
s c 
and dx = differential length regarded. 
(E • 1 ) 
deformation of concrete, 
Since the deformation of the concrete is small compared with 
- the deformation of the steel, the last term of Eq. E.l was neglected. 
Thus, the basic assumption of the calculation was reduced to the simple 
relation that the change in sl ip is equal to the change in deformation 
of the strand .. 
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The iteration is started at the trail end of the bonded length 
where the slip and the steel stress (= zero) are known. The bonded 
length is divided into a number of iteration intervals. 
With the given unit bond force-s1 ip relationship, the bond 
force developed at the end of the first iteration interval can be 
determined by assuming that the unit bond force corresponding to the 
given trail-end sl ip remains constant along the iteration interval 
considered. Using the known stress-strain relationship of strand, the 
deformation of the strand at the end of ' the first iteration length can 
be calculated. Since it was assumed above that the change in deforma-
t ion of the steel is equal to the change in sl ip, the sl ip at the end 
of the first iteration interval is determined by the sum of the trail-
end sl ip and the calculated deformation of the strand. Now a new unit 
bond force corresponding to the calculated sl ip can be picked from the 
given unit bond force-s1 ip relation for the second iteration interval. 
This procedure is continued until the sum of the iteration intervals 
equals the bonded length for which the bond-s1 ip relationship is to be 
calculated .. 
The length of the iteration intervals may be chosen to suit 
any Ilaccuracyll of the solution desired. For the relatively slowly 
changing unit bond-sl ip relationship of strand, an iteration length 
of 0.5 in. was found to be sufficient. 
The degree of agreement of the theoretical solution with the 
actual test results depends merely on the accuracy with which the unit 
bond force-s1 ip relationship of the one-in. pull-out tests represents 
the actual bond-51 ip relat ion between strand and concr.ete. 
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E.2 Calculation of the Anchorage Length of Strand in a Pretensioned 
Prestressed Member 
The objective of the calculation method described in the 
following is to determine the anchorage length of strand in a preten-
sioned prestressed member for any given prestress on the basis of re~ lts 
from one-in. pull-out tests. Given are the unit bond force-s1 ip relation-
ship of strand which is assumed to be typical for bond between strand 
and concrete, the stress-strain curve of the strand, and the prestress 
for which the anchorage length is to be calculated. 
The calculation consists of a simple iteration procedure 
based on the same assumptions as discussed in Section E.1. The iteration 
'is started at the end of the anchorage length (in the interior of the 
beam) where the conditions both for the steel stress and the sl ip are 
known. At this point, the steel stress is equal to the effective 
prestress while the relative slip between the strand and the concrete 
is equal to zero. 
Since the smallest slip measurable in the pull-out tests was 
0.0001 in., the shape of the bond-slip relation for s1 ips smaller than 
this value is not known exactly. Consequently, it was assumed that 
one in. from the end of the anchorage length towards the end of the 
prestressed member (equal to the bonded length of the pull-out test) 
,a sl ip of 0.0001 in. is developed after the release of the prestress-
ing force. The strand force at that point is equal to the effective 
prestressing force minus the initial bond force as indicated by the 
unit bond force-s1 ip relationship at a slip of 0.0001 in. 
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The rest of the anchorage length is divided in equal intervals 
the length of which depends on the accuracy of the solution desired. 
Assuming that the bond stress corresponding to a sl ip of 0.0001 in. 
of the measured unit bond force-s1 ip relationship remains constant 
over the fJrst' iteration interval, the strand force transferred to the 
concrete. by bond on this length can be determined. This force must be 
subtracted from the prestressing force existing at the beginning of 
the interval in order to obtain the prestressing force at the end 
of the first interval. According to the assumptions made in Section 
E.1, the sl ip at t.he end of the first interval is equal to the 
deformation of the strand corresponding to the differential prestress-
ing force. Using this slip value, a new unit bond force may be picked 
from the unit bond force-s1 ip relationship to calculate the prestressing 
force at the end of the second interval. The iterations are continued 
until the prestressiD9 force in the strand becomes zero. The anchorage 
length is determined by the sum of the iteration intervals required 
p 1 us the in it i all e ngt h of one in. 
The degree of agreement of the calculation with actual test 
.results depends on the accuracy with which the unit bond force-s1 ip 
relationships of pull-out tests represent the typical bond-s1 ip 
relation between strand and concrete. 
APPENDIX F: DESCRIPTION AND DISCUSSION OF PRESTRESSED-BEAM TESTS 
F.l Introduction 
The objective of the prestressed-beam tests described in' this 
section was to check experimentally the theoretical projection of results 
from one-in. pull-out tests to practical problems involving bond be-
tween prestressing strand and concrete. In .particular, the end sl ip 
and the anchorage length of 7/16-in. strand for two different depths 
of concrete under the strand were to be investigated. 
Five pretensione~ prestressed concrete beams reinforced with 
two 7/16-in. strands were cast. The beams 'were 9 ft long and had a 
cross section of 6 by 12 in. In three beams, the strand was placed 
. 2 in. from the bottom, in two beams 2 in. from the top. The concrete 
strength of all beams was roughly 5600 psi. 
The anchorage length was determined immediately after the 
release of the prestressing force by measuring the strain distribution 
of the concrete at the level of the reinforcement. In two beams, the 
end sl jp and the anchorage length were measured, in addition, at various 
time intervals after release of the prestress: 1,6, 15, and 35 days. 
With each of the three beams with the reinforcement near the 
bottom, a set of three pull-out specimens was cast and tested after the 
prestress had been released. The theoretical determination of anchorage 
. length and end sl ip was based on the results of those tests. 
F.2 Materials 
F .2.1 Concrete 
The same type of cement and aggregates used for the pull-out 
specimens was used for the beams (see Appendix A). 
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The mix proportions of the concrete were identical to those of 
mix A 1 isted in Table AD1. 
The slump of the concrete, the age at the time of testing, the 
apparent modulus of elasticity (determined from tests on three 6 by 12-in. 
cyl inders), and the strength characteristics are 1 isted in Table F.l for 
each ind.ividual beam .. 
The compressive strength of the concrete was determined from 
tests on three 6 by 12-in. cyl inders •. The spl itting strength was 
found from three 6 by 6~in. cyl inders. 
F.2.2 Steel 
The reinforcing strand used in the beams consisted of seven-
wire (round wire) strand with a nominal diameter of 7/16 in. The 
properties of the strand such as cross sectional area, pitch, angle of 
twist, and the apparent modulus of elasticity are 1 isted in Table A.2. 
The strand used in the beams was cut from coil II. 
The surface of the strand was clean and free of corrosion. 
F.3 Description of Specimens 
The exterior dimensions of all five beams tested were identical. 
The length was 9.0 ft, the cross section was 6 by 12 in. (Fig. F.l). 
The beams were reinforced with two 7/16-in. strands which were placed 
2 in. from the bottom in three beams, and 10 in. from the bottom in 
two beams. No stirrups were used. The average prestress in the strand 
before release was 175 ksi. 
The beams were identified by a series of letters and numerals: 
The first two letters, PB, stand for prestressed beam, the third letter 
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(8 or T) identifies the level of the reinforcement referring either to the 
bottom or the top level. The numeral after the dash represents the numeri-
cal sequence of the beams. 
F.4 Prestressing 
The strands were prestressed between two concrete blocks 
anchored to the test floor of the laboratory using a hydraul ic jack 
(Figc F.2). The two strands of each beam were stressed simultaneously. 
The tension was controlled by dynamom~ters placed under the strand 
grips at both ends of the prestressing bed. 
The strands were stressed until the average load indicated 
by the four dynamometers was 20.5 kips per strand which corresponded to 
a stress of 174 ksi. After tightening the nuts on the tie rods against 
the bearing plate on which the hydraul ic jack rested, the hydraul ic 
pressure was released. The load of each strand was adjusted by turning 
the nuts such that the two dynamometers of each strand indicated an 
average prestress of 174 ksi. 
Prestressing of the strands took place at least 36 hours 
before casting in order to allow for initial losses of prestress due 
to relaxation of the steel and s1 ip of the wedges in the strand grips. 
F.5 Casting and Curing of Specimens 
The forms were made of steel channels. A plastic sheet was 
placed on the bottom of the forms and s1 ightly oiled in order to reduce 
friction between the beam and the form after the prestressing force was 
released. 
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The strands were cleaned with acetone immediately before 
casting. 
-E-ach-beam-wa s-Gastfrom-one--bat-ch-of -Gonc-rete.---A-set-Gf--
three or six 6 by 12-in. cyl inders and three 6 by 6-in. cyl inders was 
cast with each beam. In addition, three one-in. pull-out specimens, 
prepare~ in the same manner as described in Section A.4, were cast 
with those beams in which the strand was placed two-in. above the bottom. 
The concrete was placed into the forms in one layer and 
vibrated with an interior vibrator. 
The beams, the cyl inders, and t~e pull-out specimens were 
cured in the same manner. For the first two days, the specimens were 
left in their forms and kept moist by covering them ,with wet burlap. 
After two days, the forms, except the bottom form supporting the beams, 
were struck. After keeping the specimens moist for another four days, 
the specimens were uncovered and left exposed to the laboratory environ-
ment until the time of testing (three days). 
F.6 Transfer of Prestress 
In all cases, the prestressing force was transferred to the 
beam on the ninth day. 
The release of prestress was accompl ished by loosening the nuts 
on the tie rods thus transferring the prestressing force to the extended 
hydraul ic jack. Then, the valves of the~draul ic system were opened. 
Using this procedure, it was possible to release the prestressing force 
of both strands simultaneously into the beam within a few seconds. 
However, the release was gentle enough to allow re1 iab1e sl ip measure-
ments between! strand and concrete at the end of the beam. 
338 
F.? Instrumentation and Measurements 
Four aluminum center-hole dynamometers were used to determine 
the prestressing force appl ied. 
In order to measure the concrete deformation, two 1 ines of 
smal i steel discs with conical holes in the center were glued to the 
surface of the beam at the level of the reinforcement. The relative 
displacement of those reference points was measured with a 10-in. 
Whittemore mechanical strain gage. The, spacing of the reference 
points is indicated in Fig. F.3. 
In addition, special brackets with reference points were 
attached to the end of the beams in order to measure the average 
straihs at sections closer than 10 in. to the end of the beam (Fig. F.3). 
Since the bracket was unstrained, the strain gage readings indicated 
only the deformation of the concrete within the gage interval. The 
sensitivity with which the strains could be measured was + 0.01 percent. 
A pair of O.OOl-in .. dial Indicators was ciamped to each 
strand at the ends of the beam in order, to meas ure the end sl i p 
between the strand and the concrete. The sl ip of the strand was 
measured with respect to the end face of the concrete beam. 
Sl ip- and strain measurements were taken immediately before 
the release of the prestress (zero reading) and immediately afterwards. 
'These measurements corresponded to the instantaneous deformations of the 
concrete. For the beams PBB-3 and PBT-2, additional measurements were 
taken at the fol lowing ages after transfer: 1,6, 15 and 35 days. 
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For each beam, three 6 by 12-ine cylinders were tested after 
the prestress had been transferred in order to determine the compressive 
strength and the modulus of elasticity of the concrete. At the same 
time, a set of three 6 by 6-in. cyl inders was tested to obtain the 
spl itt ing strength. As modulus of elasticity of the concrete, the 
secant modulus determined at 50 percent of the compressive strength 
was chosen. 
In connection with those be~ms that were cast with the reinforce-
ment located two inc above the bottom, three pull-out specimens were 
tested in the same manner as described in Appendix A. 
F.8 Discussion of Test Results 
F.8 e l Evaluation of Test Data 
The anchorage length in a pretensioned prestressed member is 
defined as the length of strand necessary to transfer the entire effective 
prestressing force of the pretensioned reinforcement to the concrete by 
bond. The effective prestressing force immediately after release is 
equal to the pretensioning force minus the force lost by the instan-
taneous deformation of the strand and the concrete. 
The anchorage lengt~ can be determined approximately by 
measuring the strain distribution of the concrete at the level of the 
reinforcement. According to the definition of the anchorage length, a 
constant strain distribution must be obtained theoretically in the center 
part of the beam between the two anchorage zones. The strain in the 
anchorage zone decreases from the constant strain at the end of the 
anchorage length to zero at the end of the beam. The anchorage length 
is therefore determined by the distance between the end of the beam and 
the cross section that develops the maximum concrete strain. 
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Because of a certain shear lag between the location of the 
actual stress transfer at the surface of the strand and the exterior 
surface of the concrete, the anchorage length determined by the concrete 
strain distribution may be sl ight1y larger than the actual anchorage 
length. However for small concrete covers, this error is negl igib1y 
small. 
In practice, it is difficult to determine exactly the cross 
section at which the full concrete strain is developed because of the 
unavoidable scatter of the strain measurements and the slightly 
asymptotical approach of the strain distribution to the constant 
strain plateau. 
In order to obtain comparable results from various tests, the 
length of strand required to develop 90 percent of the full concrete 
strain (which corresponds to 90 percent of the full prestressing force) 
was determined and called L(90). This value could be measured with 
greater rel iabil ity. According to calculations discussed in Section 
13.3, the full anchorage length is obtained approximately by multiplying 
L(90) by 1.12. 
F.b.2 Effective Prestress 
The prestress of the strand immediately before release of the 
. prestressing force into the concrete was, on the average, 167 ksi 
(Table F.2). The difference in the individual prestress of the two 
reinforcing strands was less than three percent in each beam. 
The effective prestress between the two anchorage zones of 
the beam immediately after release of the initial prestress was found 
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to be, on the average, 159 ksi 0 The average effective prestress of 
each beam, 1 isted in Table F.2, was determined by subtracting from 
the prestress measured before release the steel stress corresponding 
to the average concrete strain measured in the center part of the beam. 
The effective prestress decreases with time due to creep,and 
shrinkage of the concrete. 
F.8.3 Concrete Strains 
The measured strain distributions on both'sides of each beam 
are shown in Fig. F.4 through F.8. It was, noted that in beams with 
the reinforcement near the bottom, the strains measured on both sides 
of the beam differed significantly. They varied by as much as 25 
percent. The prestressing forces of the two reinforcing strands, 
however, immediately before release of the prestress varied by less 
than 3 percent. An eccentricity of 0.1 in. of the resultant force 
would cause the stresses on the two faces of the beam to differ by 
approximately 20 percent of the smaller stress. Therefore, the 
variation in the measured strains does not appear unreasonable • 
. F.8.4 Anchorage Length 
The lengths L(90) measured for both anchorage zones of each 
strand are listed for every beam in Fig. F.4 through F.8 and in Table 
F.2. The values varied from 18 to 28 in. for the beams with the strand 
located 2 in. above the bottom. The average was 22 in. According to 
the calculation described in Section 13.3, the full anchorage length 
(112 percent of L(90)) may be expected to be on the average 25 in. This 
value corresponds to a length of approximately 57 times the nominal 
strand diameter. 
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For the two beams with the strand located near the top 
surface, the measured values for L(90) varied from 26 to 30.5 in. 
The average was roughly 28.5 in. This corresponds to a full anchorage 
length of approximately 32 in. or a length of 73 times the strand 
diameter. 
On the average, the anchorage length in beams with the 
reinforcement placed 10 in. above the bottom was 28 percent larger than 
that developed in beams with the strand placed 2 in. above the bottom. 
This difference is consistent with data from pull-out tests which were 
performed. to study the influence of the set~lement of concrete under 
the strand (Chapter 7). The results of those pull-out tests indicated 
'that, on the average, the settlement of a 10-in. thick layer of concrete 
under the strand reduces the bond strength, compared to that developed 
by specimens with a 2-in. thick layer, by approximately 25 percent for 
an average sl ip of 0.05 in. (Fig. 7.2). The end s1 ip developed in the 
beams was roughly 0.10 in. 
It should be noted that the average anchorage length of all 
beams measured at the release end was practically identical to that 
.measured at the fixed end. The same result was true for the average 
values of the end sl ip. 
F.8.5 End Sl ip 
The end sl ip of each strand measured immediately after release 
of the prestressing force is listed in Table F.2. For beams with the 
strand placed near the bottom, the end slip ranged from 0.051 to 0.076 in., 
with an average value of 0.068 in. For beams with the strand near the 
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top surface, the end slip ranged from 0 0 088 to 0.109 inc with an average 
value of 0.096 in. The larger sl ip of the strand placed near the top 
of the beam is related to the reduced bond strength because of the 
effect of settlement. 
F.8.6 Effect of Time on Anchorage Length and End 51 ip 
In two beams (PBB-3 and PBT-2), the end sl ip and the strain 
distribution were measured at various time intervals after the release 
of the prestress: immediately, and at 1,6, 15 and· 35 days. The 
strain distributions are plotted separately for each side of the two 
beams in Fig. F.9 and F.IO. 
The measured lengths L(90) indicated by arrows in Fig. F.9 and 
F.lO, are 1 isted in Table F.3. It was observed that L(90) did not change 
over the time of observation. The small variations shown in Table F.3 
are due to the scatter of the test results= The end sl ip, measured 
to an accuracy of 0.001 in., did not change either with time for both 
beams (Tab 1 e F. 3 ) . 
It should be noted that the prestressing force did not stay 
constant with time because of creep and shrinkage deformations of the 
concrete. Figure F.Il presents the. variation of the average concrete 
strain with time in the center part of the two beams. Using these 
strains, the average loss of prestress in the strand can be calculated. 
The effective prestress of the two beams is plotted as a function of 
time in Fig. F.12. The graphs indicate that the prestressing force 
decreased by approximately eight percent over a period of 35 days. 
344 
F.B.l Comparison of Test Data with Results from Other Investigations 
Comparing test results related to bond which were obtained 
in different laboratories is difficult because bond is sensitive to 
various parameters that defy simple definition, such as, 
(1) surface roughness of the steel (see Section 12.4) 
(2) irregularities in the shape of strand (see Section 12.4) 
(3) curing conditions of the concrete (see Section 6.4) 
(4) shrinkage conditions of the concrete (see Section 6.3, 
6.5) 
The reference given in parentheses refers to the sections 
in which the effect of the particular variable on bond is discussed. 
The difference in the magnitude of the anchorage length ob-
served in 1 iterature may be a result of variations of test conditions 
of the type mentioned above. 
Table F.4 1 ists the average anchorage length for l/16-in. 
strand measured by other investigators or extrapolated from results 
of tests with other strand sizes. The major conditions under which 
the tests were performed are given,if reported, in the table. 
The required interpolations or extrapolations were made with 
the following assumptions: 
(1) the length required to transfer a given percentage of 
the prestressing force to the concrete is 1 inearly proportional to the 
amount of prestressing force transferred. 
(2) The anchorage length increases in 1 inear proportion to 
the effective prestress. 
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(3) The anchorage length increases in 1 inear proportion 
to the strand diameter. 
The first assumption is based on the results of the theoretical 
(Fig. 13.5) and experimental (Fig. F.4 through F.8) determination of 
the steel stress distribution within the anchorage zone or the recogni-
tion of the fact that the bond-sl ip response for strand is virtually flat. 
The second assumption is confirmed fairly well for strand by 
theoretical considerations based on results from pull-out tests (Fig. 
1 3 • 7 ) a s we 1 1 as by t est res u 1 t s ( K a a r, 1 963 ) . 
The third assumption is justified by results of pull-out 
tests (Fig .. 5.7) and beam tests (Kaar, 1963). Although the results 
indicate that, for a given prestress, the anchorage" length of small 
strand sizes may be s1 ightly shorter in proportion to the nominal 
diameter than that for large strand siZeS, the error is small. 
The anchorage lengths measured and extrapolated for 7/16-in. 
strand and an effective prestress of 175 ksi differ significantly. 
The difference may be caused by the effect of various experimental 
parameters as mentioned above. Concluding from the scatter in the 
test results of three ostensibly identical beams (Table F.2) and data 
from many pull-out tests, a fair amount of scatter between the anchorage 
lengths measured in different laboratories must be exp~cted. It was 
not possible to assign statistical weights to the various values 
because of lack of information on experimental details. 
'With a few exceptions, the anchorage length of 7/16-in. 
strand manufactured in the U. S. is around 27 in. or 62 times the 
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nominal strand diameter e This length would be required to develop the 
effect ive prestress of 175 ksi immediately after transfer. According 
to the Building Code Requirements for Reinforced Concrete (ACI 318-63), 
(1963), this would be the maximum allowable prestress for strand with a 
strength of 250 ksi 0 The Code requires that the effective prestress 
immediately after transfer be less than 0.7 t"imes the strength of the 
strand or 175 ksi. 
On the basis of data obtained" in the course of this investi-
gation and tests made elsewhere, the influences of the major variables 
appear to be as follows. 
(1) Concrete Strength: Conclusions about the effect of 
concrete strength arenot consistent throughout the available body of 
experimental data. 
The pull-out tests on strand with diameters ranging from 
1/4 in. to 1/2 in. reported here indicated that the bond strength of 
strand increases at a rate of approximately ten percent per 1000 psi 
of cohcrete strength. 
RUsch and Rehm (i963) who conducted an extensive investigation 
to study the anchorage length of 16 different, mostly deformed, pre-
stress ing steels found that, in general, the anchorage length decreased 
with increasing concrete strength. Their results for strand, however, 
obtained from only three beam tests, each with a different concrete 
strength, were not conclusive. 
Ratz et a1 (1958) report a significant influence of the concrete 
strength on the anchorage length of 0.19-in. strand (see Table F.4). 
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It must be mentioned, however, that in most of the tests only the end 
sl ip of the strand was measured while the anchorage length was determined 
ana 1 yt i ca 11 y & 
Janney (1954) found that concrete strength has a relatively 
sma! 1 effect on the transfer length of plain wire. 
The most comprehensive study on the effect of concrete 
strength on the transfer length of strand was carried out by Kaar et 
al (1963). It was found that the concrete strength had practically 
no influence on the anchorage length of strands with diameters up to 
1/2 in. 
In view of the practical range of variation for concrete 
strength in prestressed concrete members, it appears· that the effect 
of concrete strength may be ignored in practical considerations with 
the caution that a large accidental reduction in concrete strength may 
increase the anchorage length by approximately ten percent per 1000 
psi of concrete compressive strength. 
(2) Manner of Release: The anchorage length of strand up 
to l/2-in. diameter may be as much as 20 percent larger at the end 
. where the prestress is released suddenly than at the end where it is 
transferred slowly (Kaar, 1963; RUs~h, 1963). The difference may be 
even larger for D.6-in. strand (Kaar, 1963). 
(3) Surface Characteristics: Rusted strand and deformed 
strand developed shorter anchorage lengths than clean strand (Preston, 
1963; Hanson, 1969). 
(4) Time-Dependent Effects: The anchorage length of strand 
did not increase with time up to one year (Kaar, 1963; RUsch, 1963; 
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Section F.8.6). However, it must be noted that the prestressing force 
of the strand decreased considerably in all investigations because of 
creep_ a~~ ~h~ 0~~e of the concrete and re 1 axat i on of the stee 1 8 
F.9 Results from Pull-Out Tests 
The bond-s1 ip relationships of three sets of pull-out tests 
cast in connection with those beams in which the strand was placed 
two in. from the bottom are presented in Fig. F.13. Since the 
concrete strength and the curing conditions were practically identical 
for all t h r e e set s 0 f t est s pe c i me n s, a n a v era g e un i t bon d - s 1 i pre 1 at ion-
ship (Fig. F.14) was used as a basis for the analytical method, described 
in Section 13.3, to determine the anchorage length and the end sl ip of 
strand in the beams PBS-l through PBS-3. 
F.10 Conclusions 
The following may be concluded from the results of five 
prestressed-beam tests described in this section: 
(1) The anchorage length of clean seven-wire (round wire) 
7i16-in. strand, prestressed to approximately 165 ksi and placed no 
more than 2 in. above the bottom of the beams with respect to the 
direction of casting, was found to be, on the average, 25 ;n. or equal 
to 57 nominal strand diameters. This value was obtained by releasing 
the prestress at a relatively slow rate. The concrete strength was 
roughly 5600 psi. The age of the concrete at the time of transfer 
was nine days. 
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(2) The anchorage length of the same strand and measured 
under identical conditions was found to be, on the average, 32 in. 
or equal to 73 strand diameters when ~laced 10 in. above the bottom 
of the beam with respect to the direction of casting. 
(3) The anchorage length and the end sl ip of the strand did 
not incr.ease with time during a period of 35 days. During the observa-
tion period the effective prestress decreased by approximately 8 percent. 
Seam 
PBS -1 
PBS-2 
PSS-3 
PST -1 
PST-2 
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TABLE F. 1 
CONCRETE PROPERTIES OF PRESTRESSED BEAMS 
Slump 
( in 0 ) 
1 .5 
1 .5 
1 .0 
Age at Release 
of Prestress 
(days) 
9 
9 
9 
9 
9 
Modulus of 
Elasticity 
6 . (10 psi) 
3.8 
3.7 
3.8 
3.9 
3.7 
Compressive 
Strength 
(ps i ) 
5290 
5510 
5490 
5970 
5690 
Splitting 
Strength 
(ps i ) 
450 
360 
380 
390 
400 
TABLE F. 2 
TEST DATA FOR PRETENSIONED PRESTRESSED BEAMS 
Beam 
PBB-l PBB -2 PBB-3 PBT-l PBT-2 
Prestress 
before Release (ksi) 169.7 168.7 165.7 160" 1 169.7 
Effective Prestress 
after Release (ksi) 161 .4 160.8 157.5 154 .. 1 163 .. 1 
L(90) measured South 22 20 23.5 30 27 
w 
at Release End (in.) North 21 20 .. 5 20.5 30 27 \J1 
L (9 0) me a sur e d South 24 19 24 30 .. 5 26 
at Fixed End (in.) North 22 18 28 27.5 29 
Average L(90) (in.) 22.5 19.4 24.0 29.5 27.2 
Approximate 
Anchorage Length (in.) 25.0 21 .5 27.0 33.0 30.5 
End Sl ip measured South 0.068 0.051 0.076 0.094 0.100 
at Release End (in.) North 0.064 0 .. 067 0.064 0.090 0.109 
End Sl ip measured South 0.071 0.075 0.071 0.097 0 .. 088 
at Fixed End (in.) North 0.073 0.062 0.070 0.097 0.093 
Average 
End Slip (in.) 0.069 0.064 0.070 0.095 0.097 
TABLE F.3 
TEST DATA FOR THE BEAMS PBB-3 and PBT-2 
Time After Effect ilfe L(90) at L(90) at L (90) End Slip at End Slip at End 
Beam Release Prestress Release End Fixed End Average Release End Fixed End Average 
(ks i ) (i n.) (i n ) (i n • ) (i n.) (i n.) (i n. ) 
23.5 24.0 0.076 0.071 
1 hr. I ~;,7.5 20 05 28.0 24.0 0.064 0.071 0.070 
24.0 23.5 0.076 0.071 
I day 15503 20.5 29.0 24.3 0.064 0.070 0.070 
23.5 23.5 0.076 0.071 
PBB -3 6 days 15207 21.5 27.0 23.9 0.064 0.069 0.070 
23.5 2305 0.076 0.071 
15 days 149.2 21.5 27.0 23.9 0.064 0.069 0.070 
\.N 
U1 
N 
24.0 23.0 0.076 0.070 
35 days 145.2 21.0 26.5 23.6 0.063 0.072 0.070 
27.0 26.0 0.100 0 0 088 
1 hr. 163.1 27.0 29.0 27.2 o. 109 0.093 0.097 
28.0 27.5 0.100 0.088 
1 day 160.6 28.5 29.0 28.3 0.109 0.093 0.097 
~ . . . - - - - - - -- - - - ~ - - -- - - ... - ... - - ... - - - - ... - - -.- . ... - ... - ....... - .... - - ... - - - - ... - - - ... - - - -- _ ... - - ..... - ...... -
27.0 25.0 0.099 0.088 
PBT-2 6 days 157.5 29. (1 28.5 27.4 0.109 0.092 0.097 
--.-- -----. ~.--.- -~-
26.0 26.0 0.099 0.088 
15 days 154.0 28.0 28.0 27 ,0 0.109 0,092 0.097 
2405 27.0 0.099 0.092 
35 days 150.7 28.0 27 .5 26.8 0.109 0.090 0.097 
TABLE F.4 
COMPARISON OF TEST RESULTS FROM OTHER INVESTIGATIONS FOR 7/16-in. STRAND 
Cross Depth of Concrete Age Effect ive Measured Transfer Length Anchorage 
Investigator Section Concrete Compress ive at Prestress L(% of Stress Transferred) Length L(IOO) 
b x d Below Strength Transfer at Transfer Extrapolated to Remarks 
Center Line at Transfer f se = 175 ks i 
of Strand Release Release 
-
Slow Sudden Slow Sudden 
(i n.) (in. ) (ps i) (days) (ks i) (in. ) (i n.) (in. ) (i n.) 
L(IOO) 
Debly 6 x 12 2.5 4300 9 148 24 28.5 
(1956) 1.75,3.25 4670 14 167 32 33.5 
Ratz, L(IOO) extrapolated 
Holmj ansk i 2400 170 43 44 from 
and Kolner 3600 170 27 27.5 7xl.6 mm-strand 
(1958 ) 4800 170 18 18.5 
6000 170 11.5 12 
Di nsmore, L(100) UJ 
Deutsch, and 4 x 10 2 6000 a,12 160 19 21 beam tests by ~ 
Montemayor (1958) Montemayor 
RUsch and L (100) L (100) extrapolated 
Rehm (1963) 1950 S 127 34 39 47 54 from 
5.5 x 5.5 1,4.5 2900 4 127 41.5 4r.5 57 57 7x3 rmn-strand 
3900 3 128 31.5 31.5 43 43 
Kaar, LaFraugh L (100) L (100) interpolated 
2.6 1660 1 172 25.5 32 26 32.5 between 3/8-in. 
and Mass (1963) 7.3 x 5.3 1. 75,3.50 3330 3 162 28 33.5 30.5 36 and 
1.75,3.50 5000 22 153 24 29 27.5 33 . 1/2-in. strand 
Preston L(IOO) extrapolated 
(1963 ) 4.5 x 3.5 1.75 4120 2 176 27 27 from 
4200 153 23.5 27 l/2-in. strand 
Hanson and I-Beams L(85) 
Hulsbos (1965) 9 x 18 1.5,3.25 5720 7 155 14 18.5 
Over and L (1 00) interpolated 
Au (1965) 3 x 3 1.5 4840 150 32.5 38 between 3/8-in. 
and 
1/2-in. strand 
Hanson (1969) L(95) L (95) 
10.5 x 7 3,4.5 6480 7 172 27 28.5 29 30.5 
L (90) 
This 6 x 12 2 5600 7 160 24.5 27 
Investigation 10 5600 7 159 32 35 
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FIG. F.3 ARRANGEMENT OF STRAIN GAGE POINTS 
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FIG. F.4 STRAIN DISTRIBUTION AFTER RELEASE OF PRESTRESS, 
BEAM: PBB ... 1 
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FIG. F.6 STRAIN DISTRIBUTION AFTER RELEASE OF PRESTRESS, BEAM: PBB-3 
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FIG. F.1D VARIATION OF CONCRETE STRAIN WITH TIME, BEAM: PBT-2 
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FIG. F.13 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND FROM 
PUll-OUT SPECIMENS TESTED TOGETHER WITH THE PRESTRESSED 
BEAMS: PBB-l, PBB-2, PBB-3 
1500 
t' = 5400 psi 
c 
c 
'= 
..c 
CD 1000 
() 
l>.. 
0 
u... 
·0 
c: 
0 
.CD 
-
500 
c 
::J 
oL-------~--~------~~~--------~--~----~ 
0,0001 0,001 0,01 0,1 
Slip I in. 
FIG. F.14 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIP OF 7/16-ln. 
STRAND FROM PUll-OUT SPECIMENS TESTED TOGETHER WITH 
THE PRESTRESSED BEAMS: PBB ... 1 p PBB ... 2» PBB-3 
------------.------------------------------- ---------------
